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An approach to understand quantitative traits was recently pro-
posed based on the finding that nonsynonymous (NS) sequence
variants in certain genes are preferentially enriched at one extreme
of the population distribution. The NS variants, although individ-
ually rare, are cumulatively frequent and influence quantitative
traits, such as plasma lipoprotein levels. Here, we use the NS
variant technique to demonstrate that genetic variation in NPC1L1
contributes to variability in cholesterol absorption and plasma
levels of low-density lipoproteins (LDLs). The ratio of plasma
campesterol (a plant sterol) to lathosterol (a cholesterol precursor)
was used to estimate relative cholesterol absorption in a popula-
tion-based study. Nonsynonymous sequence variations in NPC1L1
were five times more common in low absorbers (n � 26 of 256) than
in high absorbers (n � 5 of 256) (P < 0.001). The rare variants
identified in low absorbers were found in 6% of 1,832 African-
Americans and were associated with lower plasma levels of LDL
cholesterol (LDL-C) (96 � 36 mg�dl vs. 105 � 36 mg�dl; P � 0.005).
These data, together with prior findings, reveal a genetic archi-
tecture for LDL-C levels that does not conform to current models for
quantitative traits and indicate that a significant fraction of genetic
variance in LDL-C is due to multiple alleles with modest effects that
are present at low frequencies in the population.

cholesterol absorption � complex trait � genetic architecture � mutation �
plant sterol

The plasma level of low-density lipoprotein cholesterol
(LDL-C) is clinically important and genetically complex.

This trait provides an excellent model system for genetic dissec-
tion: LDL-C levels are simple to measure, relatively stable within
an individual, and strongly influenced by genetic variation.
Moreover, many genes controlling LDL metabolism have been
identified, providing candidates for genetic analysis. One factor
that contributes to differences in plasma levels of LDL-C is the
efficiency of intestinal cholesterol absorption, which ranges from
29% to 80% among healthy individuals (1). Pharmacological
blockade of cholesterol absorption leads to reduced plasma
LDL-C levels (2), raising the possibility that genetic variation
may produce the same result.

Cholesterol absorption is heritable in humans (3), but the
genetic basis of this variation is not known. Recently the
Niemann–Pick Type C1 Like 1 (NPC1L1) protein was shown to
facilitate cholesterol absorption in mice (4, 5), making it an
excellent candidate gene for variation in cholesterol absorption.
In the present study, we screened the gene encoding NPC1L1 for
sequence variations in subsets of individuals estimated to have
the highest and lowest rates of sterol absorption. To estimate
sterol absorption we measured the ratio of campesterol to
lathosterol (Ca:L ratio) in plasma (6). Campesterol, a plant
sterol, is absorbed entirely from the diet. Lathosterol is an
intermediate in cholesterol biosynthesis, and its concentration in
plasma is correlated with rates of endogenous cholesterol syn-

thesis (6, 7). A high Ca:L ratio was shown previously to indicate
a high rate of intestinal absorption of cholesterol (6), whereas a
low Ca:L ratio indicates a low absorption of cholesterol. Here, we
show that rare, nonsynonymous (NS) sequence variants in
NPC1L1 are cumulatively common among African-Americans
and are associated with reduced Ca:L ratios and a significant
reduction in mean plasma levels of LDL-C.

Results
As a first step in this study, we sequenced the coding regions of
NPC1L1 in those individuals from the Dallas Heart Study who
had the highest and lowest cholesterol absorption, as indicated
by the Ca:L ratio. A total of 32 individuals from each of the
following groups was sequenced: black men, black women, white
men, and white women. Thus, the coding region of the NPC1L1
gene was sequenced in 128 high absorbers and 128 low absorbers.
We found 13 NS variants, including a nonsense mutation, that
were present only in the low absorbers and 3 NS sequence
changes that were unique to the high absorbers (P � 0.01,
Fisher’s exact test) (Table 1). The number of synonymous
sequence changes unique to the low absorbers (n � 5) was
similar to the number observed only in the high absorbers (n �
4). Twelve NS and eight synonymous sequence variants were
found in both groups (Table 1).

To determine whether this finding was reproducible or an
artifact of chance variation in allele frequencies, we sequenced
the coding region of NPC1L1 in the individuals in the Dallas
Heart Study who had the next highest and the next lowest Ca:L
ratios. Thus, the coding region of NPC1L1 was sequenced in an
additional 128 high absorbers and 128 low absorbers. Again, we
observed an excess of NS variants that were restricted to the low
Ca:L group (Table 1, Group 2): A total of 10 NS sequence
variations were restricted to the low absorbers in contrast to just
two NS variations in the high absorber group (P � 0.025, Fisher’s
exact test, Table 2). Three of the NS sequence variations (R306C,
I647N, and R693C) were found in both groups of low absorbers
(Table 2). Thus, 19 NS sequence variations and one nonsense
mutation (26 individuals) were identified only in the low Ca:L
ratio group compared with 5 in the high group.

To determine whether the excess of NS sequence variations
found in low absorbers was caused by population stratification, we
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assayed 2,000 unlinked SNPs in the sample using the program
STRUCTURE (8). We found no evidence for differences in genetic
ancestry between high and low absorbers (data not shown).

To assess the frequencies and phenotypic effects of the NS
sequence variants identified, a 5� nucleotidase procedure was
used to assay the variants in the entire Dallas Heart Study (n �
3,553). NS sequence variations initially identified in only the 256
low absorbers were found in 114 blacks (6.2%), 19 whites (1.8%),
and 10 Hispanics (1.7%). None of these sequence variants was
sufficiently common (allele frequencies 0.03–0.6%) to allow for
meaningful statistical analysis individually, but cumulatively,
they were associated with a significant reduction in the Ca:L
ratio and in the plasma LDL-C concentrations in African-

American men and women (Fig. 1, Table 3). In contrast, the
sequence variants were not associated with any significant
differences in body mass index, plasma levels of triglyceride, or
high-density lipoprotein cholesterol (Table 3). These data indi-
cate that NPC1L1 alleles associated with impaired cholesterol

Table 1. Single-nucleotide variants in the coding regions
of NPC1L1

Single-nucleotide variants
found only in low

or high Ca:L

Single-nucleotide
variants found in

both low and
high Ca:L

ratio groups
Low Ca:L

ratio
High Ca:L

ratio

NS S NS S NS S
Group 1 (n � 256) 13 5 3 4 12 8
Group 2 (n � 256) 10 1 2 1 13 8

Values represent the numbers of single-nucleotide variants identified in
two groups of 256 individuals from the Dallas Heart Study; Group 1 consists of
the 32 individuals in the Dallas Heart Study with the lowest and highest Ca:L
ratio from each of the following groups (black men, black women, white men,
and white women). Group 2 includes the individuals with the next-lowest Ca:L
ratio from the same four groups. S, synonymous.

Table 2. NS sequence variations in NPC1L1 in Dallas Heart Study participants with low or high Ca:L ratios

Low Ca:L Ratio High Ca:L Ratio

Nucleotide Amino acid n Ethnicity Frequency Nucleotide Amino acid n Ethnicity Frequency

Group 1
c.182C�T T61M 2 AA 0.007 c.521G�A R174H 1 W 0.0003
c.395A�G N132S 1 AA 0.004 c.848G�A G283D 1 AA ND
c.916C�T R306C 2 AA 0.006 c.3698T�A I1233N 1 W 0.001
c.1193A�G D398G 1 AA 0.0003
c.1249C�T R417W 1 W 0.001
c.1300G�A G434R 1 AA 0.0005
c.1496C�T T499M 2 both 0.0008
c.1859C�G S620C 1 AA 0.0005
c.1940T�A I647N 1 AA 0.006
c.2077C�T R693C 1 AA 0.004
c.2642C�T S881L 1 AA 0.0005
c.3042G�A W1014X 1 AA 0.0008
c.3322C�T R1108W 1 AA 0.0005

Group 2
c.328C�T L110F 1 AA 0.001 c.731A�G N244S 1 AA 0.002
c.916C�T R306C* 1 W 0.006 c.845C�T P282L 1 W 0.0003
c.1184C�T A395V 1 AA 0.002
c.1204G�A G402S 1 AA 0.0005
c.1238C�T T413M 1 AA 0.0005
c.1940T�A I647N* 1 AA 0.006
c.2014G�A G672R 1 AA 0.0003
c.2077C�T R693C* 1 AA 0.004
c.3641G�A R1214H 1 W ND
c.3803G�A R1268H 1 AA 0.0003

n is the number of carriers identified in the 128 individuals sequenced in the low absorbers or in the high absorbers in Group 1 or Group
2. Frequency is the allele frequency in 1,831 African-American men and women in the Dallas Heart Study. ND, not determined because
of assay failure; AA, African-American; W, white.
*Also found in group 1.

Fig. 1. Plasma Ca:L ratios and mean plasma levels of LDL-C in African-
American men and women in the Dallas Heart Study. Sequence variants found
in only the low-absorber group were assayed by using 5� nucleotidase assays
(TaqMan, Applied Biosystems). All individuals in whom the NPC1L1 sequence
variants were initially identified by sequencing and all study participants
taking lipid-lowering medications were excluded from the analysis. Filled bars
represent the median Ca:L ratios and mean (�SEM) levels of LDL-C in women
(n � 66) and men (n � 39) who had at least one NS sequence variant in NPC1L1
identified in only the low absorber group. Hatched bars represent individuals
who did not have one of these alleles (926 women and 674 men). *, P � 0.05;

**, P � 0.01.
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absorption and lower LDL-C levels are individually rare but
collectively common in African-Americans.

The NS sequence variations identified in only the low absorb-
ers or in only the high absorbers were distributed throughout the
protein, but a cluster of sequence variants associated with a low
Ca:L ratio (6 of the 19 missense variants) was located within a
39-aa stretch in the first extracellular loop (Fig. 2A), suggesting
that this region may be of particular functional importance. We
also examined the evolutionary conservation of the NS sequence
variations identified in this study by comparing the human
sequence to that of NPC1L1 from 10 other species and the
closely related human protein NPC1 (Fig. 2B). Sequence vari-
ants found in only the low absorbers tended to be more highly
conserved than those found in only high absorbers or those
identified in both groups. Twelve of the 19 NS variants identified
among only low absorbers were completely conserved from
human to zebrafish, whereas only 1 of the 5 variants found in only
the high absorbers was similarly conserved (Fig. 2B). Of the 12
amino acids that were conserved in all 11 species, 8 were also
conserved in NPC1.

To determine whether common variants in NPC1L1 are
associated with Ca:L ratios and plasma levels of LDL-C, we
assayed 30 common SNPs at the NPC1L1 locus (minor allele
frequency �1%) in the Dallas Heart Study. The four major
race–sex groups in the study (black men, black women, white
men, and white women) were analyzed separately. Two SNPs
were associated with the plasma Ca:L ratio at a nominal signif-
icance threshold of 0.05 in one of the four groups, but neither was
replicated in any of the other groups (Fig. 3). We also analyzed
men and women together in the two ethnic groups. None of the
SNPs was associated with a significant difference in Ca:L ratio
in both blacks and whites. Next, we examined whether haplotype
blocks were associated with the Ca:L ratio. Haplotypes were
constructed by using an accelerated expectation maximization
algorithm (9), and global P values for association with log
transformed Ca:L ratios (10) were calculated (Fig. 3). None of
the blocks was consistently associated with the Ca:L ratios (data
not shown). These analyses were repeated by using SNPs with
minor allele frequencies �0.05 and �0.1, and essentially iden-
tical results were obtained. These data did not reveal a significant
role for common NPC1L1 SNPs in determining cholesterol
absorption or plasma LDL-C levels, consistent with the findings
of Hegele et al. (11) and Simon et al. (12), who found no
relationship between common sequence variants in NPC1L1 and
baseline plasma levels of LDL-C. We cannot exclude the pos-
sibility that common NPC1L1 SNPs not examined in this study
affect cholesterol absorption.

To determine whether each of the NS sequence variants in
NPC1L1 arose from a single founder mutation or from recurrent
mutations, we constructed haplotypes using the common SNPs
at the NPC1L1 locus. For 15 of the NS variants, haplotypes were

successfully constructed in at least two unrelated individuals.
Each of these NS sequence variants was flanked by regions of
haplotype identity that were shared by all carriers, consistent
with a single founder for each mutation (Fig. 4). The majority of
the sequence variants found in only the low absorber group had
haplotypes that were larger than the genomic region analyzed
(40 kb), but for six of these variants, the region of haplotype
identity was �40 kb. This finding indicates that some of these
alleles are ancient.

Discussion
The major finding of this study is that multiple rare sequence
variants in NPC1L1 are collectively associated with variations in
sterol absorption and plasma levels of LDL-C. NS variants were
significantly more common among low absorbers than among
high absorbers, and the excess could not be explained by
population structure or by chance fluctuations in allele fre-
quency. The excess of NS sequence variants was largely confined
to African-Americans: 6% of the men and women in this ethnic
group were heterozygous for NPC1L1 sequence variants asso-
ciated with reduced cholesterol absorption and LDL-C levels.
These data indicate that sequence variations in NPC1L1 con-
tribute to variation in sterol absorption and LDL-C levels in the
population.

DNA sequencing of low absorbers revealed 20 NS variants
with allele frequencies �0.01. Of these, 18 were detected in the
African-Americans. The probability of detecting an allele in a
sample of 64 individuals (128 alleles) is 72% for alleles with
frequencies of 0.01 (1%) and 47% for alleles with a frequencies
of 0.005 (0.5%). Therefore, it is likely that other rare alleles
associated with low cholesterol absorption are present in Afri-
can-Americans. The significant excess of rare NPC1L1 alleles
with NS sequence variants among individuals with low choles-
terol absorption is consistent with the notion that these muta-
tions decrease NPC1L1 function. However, the absence of a
specific assay for NPC1L1 function precludes direct functional
analysis of the sequence variants identified. Thus, we cannot
directly determine which of these alleles impair NPC1L1 func-
tion and which were present in low absorbers simply by chance.
Alignment of the NPC1L1 amino acid sequence from human,
mouse, frog, and pufferfish indicated that the NS sequence
variants found only in the low absorbers tended to involve more
highly conserved residues than those found in only high absorb-
ers or in both groups (Fig. 2). Because replacement of conserved
residues is more likely to alter protein function (13), this finding
supports the notion that the mutations found in low absorbers
are more likely to reduce NPC1L1 function.

Cholesterol absorption and plasma LDL-C levels are complex
traits that are strongly influenced by both genetic and environ-
mental factors. Two general models of complex diseases have
been proposed. The common disease–common variant model

Table 3. Plasma lipid profiles of African-American men and women with rare NS sequence variants in NPC1L1

Men Women Both

Normal NPC1L1��� Normal NPC1L1��� Normal NPC1L1���

n 674 39 926 66 1,600 105
Age, yr 44 � 10 45 � 9 44 � 10 44 � 10 44 � 10 45 � 10
BMI, kg�m2 28.1 � 6.0 28.6 � 7.3 31.8 � 7.9 32.6 � 9.9 30.2 � 7.3 31.1 � 9.2
Total cholesterol, mg�dL 177 � 39 170 � 40 178 � 40 172 � 42 178 � 40 171 � 41
Triglyceride, mg�dL 117 � 111 132 � 110 95 � 71 106 � 111 104 � 91 116 � 111
HDL-C, mg�dL 50 � 16 53 � 20 54 � 14 54 � 14 52 � 15 54 � 17
LDL-C, mg�dL 105 � 37 92 � 40* 105 � 36 98 � 33* 105 � 37 96 � 36**
Ca:L ratio 2.3 (2.5) 1.8* (1.2) 2.1 (2.3) 1.5** (1.2) 2.2 (2.4) 1.7** (1.2)

Values are means � SD, except for Ca:L ratios, which are shown as medians with interquartile ranges in parentheses. *, P � 0.05; **,
P � 0.01 by one-sided Wilcoxon’s two-sample test. NPC1L1���, heterozygous for NS sequence variation in NPC1L1; BMI, body mass index.

1812 � www.pnas.org�cgi�doi�10.1073�pnas.0508483103 Cohen et al.



holds that genetic susceptibility to common diseases is conferred
primarily by alleles that are common in the population and have
modest phenotypic effects (14, 15). This model is supported by

a small number of well validated examples (16). An alternative
model is that susceptibility to common diseases is the result of
multiple rare alleles with large phenotypic effects (common
disease–rare variant model). Although individually rare, these
alleles may be collectively common in the population. Few direct
tests of this model have been reported, but we (17, 18) and others
(19) have shown that rare alleles with large effects on plasma
levels of lipoproteins are collectively common in the population.
The results of the present study provide further evidence that
multiple rare variants contribute to variations in plasma lipopro-
tein levels in the population, but, in this case, the effect on
phenotype is more modest. The average reduction in plasma
LDL-C levels associated with the variant NPC1L1 alleles was
�10%, which resembles the magnitude of the effect of common
genetic variants in APOE (20) but is less than the 40% reductions
in LDL-C we observed in heterozygotes with null mutations in
PCSK9 (18). Taken together, these data suggest that the genetic
architecture of plasma LDL-C levels is not adequately described
by the common disease–common variant model or by the
common disease–rare variant model. Rather, heritable variation
in the population is conferred by sequence variation in at least
three loci, with a small number of common APOE alleles and
multiple rare alleles in PCSK9 and NPC1L1 contributing to the
phenotype. This architecture is congruent with the evolutionary
model of complex disease proposed by Pritchard (21), in which
the major fraction of genetic variance is attributable to loci
where high overall mutation rates generate a large number of
mildly deleterious alleles that only occasionally achieve high
frequencies in the population.

The predictions of the Pritchard model have important im-
plications for the selection of strategies to identify sequence

Fig. 2. NS sequence variants in NPC1L1. (A) The membrane topology of
NPC1L1 was predicted by using the program PHD (31) and the model published
for NPC1 (32). The positions of sequence variants found exclusively in low
absorbers or in high absorbers (indicated with an asterisk) are provided. (B)
Sequence conservation of NS sequence variants in NPC1L1 found in only low
absorbers (Top), high absorbers (Middle), or both high and low absorbers
(Bottom). The alignment includes human (hs), chimpanzee (pt), rhesus mon-
key (rm), dog (cf), cow (bt), mouse (mm), rat (rt), opossum (md), frog (xt),
pufferfish (fr), and zebrafish (dr). The GenBank accession no. for the human
sequence in this alignment is AAS56939.

Fig. 3. Associations between common sequence variants in NPC1L1 and
plasma Ca:L ratios. A total of 30 common sequence variants in NPC1L1 (minor
allele frequency �0.01) were genotyped in the Dallas Heart Study population
by using chip-based oligonucleotide hybridization and 5� nucleotidase assays
and tested for association with plasma Ca:L ratios by using ANOVA. Ca:L ratios
were log transformed before analysis, and separate analyses were performed
in white men (Upper , filled circles), white women (Upper, filled circles), black
men (Lower, filled circles), and black women (Lower, open circles). SNPs
associated with increased Ca:L ratios are shown above the solid lines, and SNPs
associated with lower Ca:L rations are shown below the solid lines. Dotted
lines represent P values of 0.05. Haplotype blocks (gray blocks) were con-
structed in whites (Upper) and blacks (Lower) by using the expectation-
maximization algorithm as implemented in HAPLOVIEW (12) and tested for
association with Ca:L ratios by using HAPLO.STATS (17). Schematic of NPC1L1 is
shown to scale, with boxes indicating exons and lines introns and flanking
noncoding sequences. The identification numbers, minor allele frequencies,
and the Hardy–Weinberg equilibrium P values are provided in Table 4.
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variants underlying complex traits. Both association and linkage-
disequilibrium mapping studies are predicated on the assump-
tion that each locus has few functional alleles. Alleles with
modest functional effects are difficult to detect by linkage, and
the presence of multiple low-frequency alleles at a locus will
greatly reduce the power of conventional statistical tests for
association. Under these conditions, direct sequencing of tar-
geted populations may be the optimal way to identify alleles
associated with complex phenotypes. The strategy of comparing
NS sequence variations in individuals at the extremes of the
population distribution to identify genes (and sequence varia-
tions) contributing to variation in plasma lipoprotein levels can
be readily applied to other phenotypes (17).

The excess of rare NS alleles among low absorbers in this study
was most striking in African-Americans. The reason for this
population-specific difference is not known. One possibility is
that sequence variants that decrease NPC1L1 function confer a
selective advantage under some circumstances, although it seems
unlikely that selection would result in the accumulation of
multiple rare alleles rather than a small number of more
common alleles. Alternatively, the spectrum of NPC1L1 alleles
may reflect the allelic spectrum of the population (22). Africans
are far more genetically diverse than are other populations,
particularly for rare variants, but most of these variants are
presumed to be functionally silent, because deleterious alleles
tend to be removed from the population by purifying selection
(23). Functional alleles may persist if they are only mildly
deleterious; therefore, African populations may be enriched for
alleles that affect gene function but do not confer strong selective
disadvantage.

Materials and Methods
Study Subjects. Study subjects were obtained from the Dallas
Heart Study, a population-based probability sample of Dallas

County residents that includes 1,043 whites, 1,832 African-
Americans, and 601 Hispanics (24). Individuals who identified
themselves as black (African-American) or white (European-
Caucasian) were stratified by sex and by Ca:L ratio. DNA
samples from 256 individuals with the highest Ca:L ratios (high
absorbers), and 256 individuals with the lowest ratios (low
absorbers) were selected for sequencing. High absorbers and
low absorbers included 64 men and 64 women from each ethnic
group.

DNA Sequencing. The exons and flanking intron sequences of
NPC1L1 were amplified by PCR. PCR products were treated
with recombinant exonuclease I and shrimp alkaline phospha-
tase (Exo-Sap; United States Biochemicals), and both strands of
each product were sequenced on an ABI3730 automated se-
quencer using BigDye terminator cycle sequencing reagents
(Applied Biosystems). The sequences of the oligonucleotides
used for sequencing are available upon request from the corre-
sponding author.

Measurement of Plasma Lipids and Lipoproteins. Plasma and li-
poprotein cholesterol and triglyceride concentrations were de-
termined colorimetrically by using commercial enzymatic re-
agents (25). Plasma lathosterol and campesterol levels were
determined by gas chromatography as described in ref. 26, except
that sterol levels were detected by using flame ionization rather
than mass spectrometry.

Assay of Sequence Variations. Specific 5� nucleotidase assays for
the NS sequence variants in NPC1L1 were developed by using
the TaqMan system (Applied Biosystems). The assays were
performed on a HT7900 Real-Time PCR system by using probes
and reagents purchased from Applied Biosystems.

Testing for Population Substructure. A panel of 2,000 SNPs that are
in linkage equilibrium was used to test for differences in popu-

Fig. 4. Haplotype-sharing among NPC1L1 alleles. Haplotypes for the alleles bearing the NS variants were determined in the African-Americans in the Dallas
Heart Study by using the partition-ligation method described in ref. 30 and then manually curated to maximize the extent of haplotype-sharing among carriers.
Yellow blocks represent the largest haplotype that could be shared among carriers. Numbers next to the amino acid substitutions indicate the number of
individuals in each group. High and low Ca:L ratios denote sequence variants found in both the high and the low Ca:L groups. The identification numbers, minor
allele frequencies, and the Hardy–Weinberg equilibrium P values are provided as Table 4.
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lation ancestry in the high absorbers and the low absorbers by
using the program STRUCTURE (27). African-Americans and
whites were analyzed separately. The Dirichlet parameter � was
set at 1, and STRUCTURE was run with the number of populations
(K) set at 2, 3, 4, and 5.

Statistical Analysis. The prevalence of NS variants in the high
absorbers and low absorbers was compared by using Fisher’s
exact test. For rare variants, values for the Ca:L ratio and plasma
levels of LDL-C were compared in carriers and noncarriers by
using the Wilcoxon rank-sum test with age and gender as
covariates. For common variants in which all three genotype
groups were represented, the values for the Ca:L ratio and the
plasma levels of LDL-C were compared by using the Kruskal–
Wallis test. LDL-C levels and log-transformed Ca:L ratios were
also compared across genotypes by using one-way ANOVA with
age and gender as covariates. Only the 1,722 subjects who were
not on lipid-lowering therapy were included in the analysis.

Haplotype Analysis of NPC1L1. Haplotype blocks were constructed
by using 30 SNPs (see Table 4, which is published as supporting
information on the PNAS web site) genotyped by oligonucleo-
tide array hybridization (Perlegen Sciences, Mountain View,
CA) and 5� nucleotidase assays. All SNPs available from dbSNP
and the Perlegen Sciences database as of October, 2004 were
assayed, and those that had a minor allele frequency �1% and
were in Hardy–Weinberg equilibrium were included in the

analysis. We estimated haplotype blocks in each ethnic group by
using the expectation-maximization algorithm as implemented
in HAPLOVIEW (28) and the Gabriel et al. (29) definition for
haplotype blocks and calculated the association of each haplo-
type block with the log-transformed Ca:L ratios by using the
HAPLO.STATS package. The results are presented as P values
based on the global statistic for the association of haplotype
blocks with Ca:L ratios.

The haplotypes of the rare alleles were estimated by using the
partition-ligation–expectation-maximization (PL–EM) algo-
rithm (30). The single most probable haplotype pair for each
individual was calculated by using atomistic segments of 5–8 loci,
keeping 500 of the most frequent partial haplotypes to the next
ligation step and performing 10 independent runs in each of the
EM steps. For each NS substitution, we determined the extent
of the haplotype shared among all carriers.
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