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ABSTRACT
We use evolutionary trees of haplotypes to study phenotypic associations by exhaustively examining all

possible biallelic partitions of the tree, a technique we call tree scanning. If the first scan detects significant
associations, additional rounds of tree scanning are used to partition the tree into three or more allelic
classes. Two worked examples are presented. The first is a reanalysis of associations between haplotypes at
the Alcohol Dehydrogenase locus in Drosophila melanogaster that was previously analyzed using a nested clade
analysis, a more complicated technique for using haplotype trees to detect phenotypic associations. Tree
scanning and the nested clade analysis yield the same inferences when permutation testing is used with
both approaches. The second example is an analysis of associations between variation in various lipid traits
and genetic variation at the Apolipoprotein E (APOE) gene in three human populations. Tree scanning suc-
cessfully identified phenotypic associations expected from previous analyses. Tree scanning for the most
part detected more associations and provided a better biological interpretative framework than single
SNP analyses. We also show how prior information can be incorporated into the tree scan by starting with
the traditional three electrophoretic alleles at APOE. Tree scanning detected genetically determined
phenotypic heterogeneity within all three electrophoretic allelic classes. Overall, tree scanning is a simple,
powerful, and flexible method for using haplotype trees to detect phenotype/genotype associations at
candidate loci.

MANY studies attempt to associate trait variation An evolutionary tree of the haplotypes at a candidate
locus or DNA region can be estimated when there iswith genetic variation at a candidate gene by

employing separate tests at each polymorphic nucleo- little to no recombination in the DNA region. Given
that there is increasing evidence for areas of low recom-tide site within the gene, even when the sites display
bination separated by recombination hotspots (Tem-extensive linkage disequilibrium. Increasingly, there is
pleton et al. 2000; Jeffreys et al. 2001; Reich et al. 2002),an appreciation that using haplotypes can often aug-
haplotype variation in many genomic regions can bement power for detecting phenotypic associations and
organized into haplotype trees. Just as SNPs can becan eliminate the difficulties of statistical dependence
placed into the context of a haplotype to increase theamong polymorphic sites showing linkage disequilib-
level of biological information, so can haplotypes berium (Drysdale et al. 2000; Martin et al. 2000; Seltman
placed into their evolutionary context to further aug-et al. 2001; Balciuniene et al. 2002; Knoblauch et al.
ment the amount of biological information. Templeton2002; Van Eerdewegh et al. 2002; Zaykin et al. 2002).
et al. (1987) were the first to propose using haplotypesThe tendency for haplotype analyses to show increased
and their evolutionary trees in phenotype/genotype as-power over single-nucleotide polymorphism (SNP) analy-
sociation studies through nested clade analysis (NCA)ses is not surprising if SNPs do not always affect phenotypes
in which the branches of the haplotype tree are usedin isolation but rather affect the phenotype through the
to define a nested hierarchy of clades (“branches”) ofjoint genetic effects of two or more SNPs.
haplotypes. The fundamental premise of NCA is that
any mutation having functional significance will be im-

1Corresponding author: Department of Biology, Campus Box 1137, bedded in the historical framework defined by the hap-
Washington University, St. Louis, MO 63130-4899. lotype tree and therefore whole branches (clades) ofE-mail: temple_a@biology.wustl.edu

this tree will show similar functional attributes. Nesting2Present address: Departamento de Bioquı́mica, Genética e Inmuno-
logı́a, Facultad de Biologı́a, Universidad de Vigo, Vigo 36310, Spain. has several advantages. First, nesting categories are de-
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termined exclusively by the evolutionary history of the all branches of the haplotype tree detects an allelic
partition of the tree whose resulting genotypes explainhaplotypes without any consideration of phenotypic

data, thereby eliminating a source of potential bias in a significant amount of phenotypic variance, additional
rounds of tree scanning within the two significant allelicphenotype/genotype association studies. Second, the

clades define a nested design that makes full and effi- classes defined by the initial round are used to partition
the tree into three or more allelic classes. In analogy withcient use of the available degrees of freedom and per-

forms only evolutionarily relevant contrasts. Third, sta- a genome scan that uses marker loci to localize phenotypic
associations to physical sections of a chromosome, thetistical power is enhanced by pooling haplotypes into

clades, thereby directly addressing the problem of too tree scan uses the mutations that arose in evolutionary
history to localize phenotypic associations to temporalmuch haplotype diversity eroding statistical power by

creating sparse data sets. sections of the haplotype tree. Just as adjacent markers
in a genome scan yield highly correlated phenotypicDespite these advantages, NCA has a serious limita-

tion: the nested design is for haplotypes, not genotypes. associations, so do adjacent branches in a tree scan.
Therefore, one expects to see a peak of association thatThis is not a problem when the phenotype is biologically

expressed in a haploid or effectively haploid individual falls off with increasing distance in the haplotype tree,
just as genome scans produce peaks of phenotypic asso-at the candidate gene, such as associations between an

X-linked candidate gene with a male phenotype, or with ciation that fall off with increasing physical distance on
the chromosome from the responsible variation.homozygous strains, as in the Drosophila example first

analyzed by Templeton et al. (1987). However, when Unlike NCA, tree scanning is straightforward to im-
plement for diploid data and can directly address domi-dealing with diploid genotypes in natural populations, a

single individual will likely bear two distinct haplotypes. nance because it uses the haplotype tree to define a
series of standard single-gene phenotype/genotype as-The haploid nature of the nested design is not a prob-

lem for some types of studies with diploid data. For ex- sociation tests. Two worked examples are given. The first
is the alcohol dehydrogenase (Adh) data from Drosophilaample, many case control studies test for differences in

relative allele frequency between cases and controls. (Aquadro et al. 1986) that were previously analyzed
with NCA (Templeton et al. 1987). This example allowsGiven that allele frequency is a haploid genetic measure,

it is straightforward to extend NCA to case-control stud- a direct comparison of NCA with tree scanning. For a
second example, we analyze variation at the humanies (Templeton 1995). NCA can also be used in designs

based upon the transmission disequilibrium test that autosomal Apoprotein E (APOE) gene for associations
with various blood measures of lipid metabolism.uses the gamete types transmitted from parent to off-

spring for estimating genotype/phenotype associations
(Seltman et al. 2001).

MATERIALS AND METHODSOther than these special designs, NCA requires a sta-
tistical mapping of diploid phenotypes upon haploid Population samples: Aquadro et al. (1986) bred 41 homozy-
haplotypes when the data include heterozygous diploid gous strains of the fruit fly Drosophila melanogaster that were
genotypes (Templeton et al. 1988). Such a mapping coisogenic except for a small region around the Adh gene.

They surveyed the 41 homozygous strains for restriction sitecan be executed with the traditional quantitative genetic
variation at the Adh gene and measured them for alcoholmeasurement of average excess (Templeton et al. 1988)
dehydrogenase enzyme activity.or average effect (Hallman et al. 1994). Unfortunately, For the APOE study, three human populations were sam-

such a diploid NCA is cumbersome and difficult to im- pled: 702 unrelated African-Americans (483 females and 219
plement in many cases. Moreover, average excesses or males) from Jackson, Mississippi (J); 337 unrelated individuals

(188 females and 149 males) from North Karelia, Finland (N);effects are measures of the marginal phenotypic effects
and 854 unrelated non-Hispanic European-Americans (456(the “additive genetic” component of phenotypic vari-
females and 398 males) from Rochester, Minnesota (R). Be-ance in quantitative genetics) of a haplotype or clade cause we excluded haplotypes found fewer than five times

of haplotypes, and the phenotypic variance attributable in the combined sample (see below), some individuals were
to dominance effects is ignored. excluded for a total in this study of 470 females and 214 males

from the Jackson population, 187 females and 146 males fromTo circumvent these problems, we propose a new
the North Karelia population, and 449 females and 392 malesmethod called tree scanning. Tree scanning partitions
from the Rochester population. Individuals were genotypedthe haplotype tree into two or more mutually exclusive for the APOE SNPs that were found to be segregating in their

and exhaustive clades and then treats each clade as an respective population in the resequencing study of a 5.5-kb
“allele” in a genotypic analysis of phenotypic associa- section of the APOE gene (Fullerton et al. 2000): 16 SNPs

for J, 14 for N, and 13 for R, for a total of 21 distinct SNPs.tions. A tree scan starts by exhaustively examining all
All individuals were measured for fasting (12 hr for J and R,possible biallelic partitions of the haplotype tree created
4 hr for N) blood levels of total cholesterol (TC), high-densityby cutting a branch in the haplotype tree and then
lipoprotein cholesterol (HDL-C), triglycerides (TG), and apol-

grouping together all the haplotypes on one side of the ipoprotein E (ApoE).
cut into allelic class A and all the haplotypes on the Haplotype determination: Haplotypes were directly observ-

able in the homozygous strains of Drosophila. The humanother side of the cut into allelic class B. If a scan over
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1992) was estimated from the 39 ApoE haplotypes with theTABLE 1
program TCS (Clement et al. 2000; available at http://darwin.

Inferred APOE haplotypes used in this study uvigo.es). TCS does not always give a single best tree, but
instead retains all branches that have 95% confidence under

Haplotype Nucleotide state at Inferred no. a neutral, finite-sites model of DNA evolution, which often
no.a polymorphic SNPs, 5�–3� in sample results in phylogenetic ambiguity in the haplotype network

due to multiple mutational hits at the same site. The estimated
1 CCACATGGGCGATTCCTCCAT 1151 tree for APOE had several loops reflecting multiple hits and/or
2 CCACTTGGGCGATTCCTCCAT 219 haplotype inference errors. When possible, loops were re-
4 CCACATTGGCAGTTCCCCCAT 382 solved using the coalescent criteria given by Crandall and
6 TCACATGGGCGGTTCCTCCAT 58 Templeton (1993).
7 CCACATGGGCGGTTCCTCCAT 188 Implementation of the tree scan: Tree scanning is imple-
8 CCACATGGGCGGTTCCCCCAT 66 mented with the program TREESCAN, downloadable from
9 CCGCATTGGCGGTTCCCCCAT 10 http://darwin.uvigo.es. In the first round of tree scanning, a

10 TCACACGGGCGGTTCCTTCAT 5 branch is cut in the haplotype tree. All of the haplotypes on
11 CCACATGGGCGATTCCTCCAC 290 one side of the cut are grouped together and treated as a

single allele, say A. All the haplotypes on the other side of the12 CCGCTTGGGCGGTTCCCCCAT 41
cut are grouped together and treated as a single allele, say B.13 CCACATGGGCGGTTCCTCTAT 140
These two alleles define three potential genotypes: AA, AB,14 CCGCTTTGGCGGTTCCCCCAT 89
and BB. Associations between phenotypes and these genotypes15 TCACATGGGCGGTTCCTTCAT 29
are measured by the F-statistic from a standard one-way AN-16 CCACATGCGCGGTTCCTCCAT 23
OVA. (This analysis assumes continuous phenotypes, the only17 CCACTTGGGCGGTTCCCCCCT 22
case considered in this article. For discrete phenotypes, pheno-18 CCACACTGGCAGTTCCCCCAT 23
type/genotype associations would be evaluated using a differ-19 CCACTTGGGCGGTTCCTCTAT 100
ent statistic, such as a contingency chi square.)20 CCACATTCGCGGTTCCTCCAT 606

The human samples were stratified by population and gen-21 CCACTTGGGCGGTTCCTCCAT 12
der, for a total of six separate analyses of each of the four22 CCACATGGGCGGTTCCCCCCT 97
lipid traits. In all three human samples, the distributions of23 CCACTTTCGCGGTTCCTCCAT 305
TG and ApoE were significantly positively skewed in both24 CTACTTGGGCGGTTGCTCCAT 20 genders. The natural log (ln) transformation of these variables

25 CCACACGGGCGGTTCCTCTAT 120 (ln TG and ln ApoE) reduced skewness to nonsignificant
26 CCACATGGGCAGTTCCCCCAT 6 values (P � 0.05) in all cases. Therefore the human traits used
27 CCACTTTGGCGGTTCCCCCAT 65 in this study are TC, HDL, ln TG, and ln ApoE. All traits
28 CCACATTGGCGGTTCCTCCAT 20 within each population and gender were adjusted for age by
33 CCACACGGGCGGTTCCTCCAT 6 using the residuals after a linear regression on age.
37 CCACACGGGCGATTCCTCCAT 30 Because some of the genotypes defined by this procedure
38 CCGCTTTGGCGGTTCCTCCAT 6 may be empty or have few observations, the statistical signifi-
39 CCACACGGGCGGTTCCCCCAT 5 cance of the resulting F-test statistic is evaluated under the
42 CCACACTCGCGGTTCCTCCAT 15 null hypothesis of no phenotype/genotype association by ran-
45 CCACATTCACGGTTCCTCCAT 7 domly permuting the phenotypic observations across the ge-
46 CCACACGGGCGATTCCTCCAC 10 notypic categories to generate the null distribution. In the
47 CCACATTGGCAGTCCCCCCAT 12 current analyses, 5000 random permutations were used to

generate these null distributions.48 CCACACTCGTGGTTCCTCCAT 55
The Boerwinkle and Sing (1986) bias-corrected estimator49 CCACATTCGCGGGTCCTCCAT 21

of genetic variance, s 2
G, is used to obtain an estimate of the57 CCACATTGGCGATTCCTCCAT 15

contribution of the genetic model to explaining phenotypic64 CCACTTTGGCGGTTCCTCTAT 9
variance that is adjusted for the number of genotypic classes65 CCACATTGGCGATTCCTCCAC 14
considered in the model

a The haplotype number refers to the number in the original
set of 78 inferred haplotypes. Only 39 haplotypes are in this s 2
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table.

where n is the total sample size, k is the number of genotypic
classes with observations, Y is the sample grand mean, ni ishaplotypes were inferred from the SNP genotypic data using
the number of individuals in the ith genotypic class, and Yij isthe program PHASE, version 1 (Stephens et al. 2001), that
the phenotype of the jth individual with genotype i. Equation 1estimates haplotypes using a Bayesian procedure with a prior
can be divided by the total phenotypic variance to obtain pvk ,based on neutral, coalescent theory. PHASE was applied sepa-
an estimate of the proportion of the total phenotypic variancerately to each of the three samples. A total of 78 haplotypes
in the population sampled explained by the k genotypes.were inferred for the combined three samples. Recent studies

The above steps are repeated for each branch of the haplo-(Adkins 2004) indicate that haplotype inference is accurate
type tree. Because some partitions result in one of the allelesfor haplotypes with a frequency of �1%. Given that our hu-
being extremely rare, we implement tree scanning with theman samples averaged �600 individuals, we therefore dis-
option of skipping the test when the rarer allele has c observa-carded any haplotypes that were inferred to occur five or fewer
tions or less. This cuts down on computational time by avoid-times in the combined sample, leaving a total of 39 haplotypes
ing those cases that a priori have little chance of yielding ain the combined sample (Table 1).
statistically significant result and augments statistical powerEstimation of haplotype trees: We use the Adh haplotype
by reducing the total number of tests when correcting thetree that Aquadro et al. (1986) estimated through maximum

parsimony. A statistical parsimony tree (Templeton et al. significance level for multiple tests. For the human data, we
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set c � 5. For the Adh data set we performed all tests regardless Further rounds are possible, but we found no additional
phenotypic signals after two rounds in either of the two dataof sample sizes. This was done so that the tree-scanning results

would be comparable to those of the original NCA upon Adh sets analyzed. Another extension is to cut certain branches
on the basis of prior information and then cut an additional(Templeton et al. 1987) in which no contrasts were excluded.

After performing the above analyses upon each branch in the branch to search for significant phenotypic associations in
addition to that associated with the branches cut on the basistree (or the subset not culled if c � 1), the significance levels

of the permutation tests are adjusted for multiple testing of prior information. For example, two polymorphic coding
sites (at positions 3937 and 4075) that jointly determine thethrough the step-down, stepwise, resampling method of West-

fall and Young (1993) with enforced monotonicity that in- three common protein electrophoretic alleles ε2, ε3, and ε4
at the APOE locus have been associated with many phenotypiccorporates correlation structure. Details are in the TREESCAN

documentation available at http://darwin.uvigo.es. effects related to blood lipids and coronary artery disease in
previous studies (Sing and Davignon 1985; Boerwinkle et al.The highly correlated nature of the haplotype categories

defined by cutting adjacent branches can sometimes result in 1991; Kaprio et al. 1991; Stengard et al. 1995, 1996). Accord-
ingly, an analysis was implemented for APOE using the pro-multiple significant test results being clustered in the haplo-

type tree. We identify all sets of branches such that each branch gram MacAnova 4.13 (Bingham and Oehlert 2003) in which
the two branches associated with these two positions are cut ain the set has a significant pvk (P-values � 0.05) and is adjacent

in the tree to one or more other branches in the same set. priori and a third branch is then cut to search for heterogeneity
within the traditional electrophoretic allele classes.For each set we identify the branch associated with the highest,

statistically significant value of pvk and call it the peak branch Single SNP analysis: To compare the results of tree scanning
to the more typical analysis in which each SNP is tested one-for its set. The peak branch for each set is regarded as cut in

the second round of the tree scan, which therefore begins by-one for phenotypic associations, a statistical analysis for
phenotypic heterogeneity was performed upon the genotypeswith the haplotypes already clustered into two or more alleles.

The second round of tree scanning subdivides one of the defined by each SNP (all were biallelic) using the same F - sta-
tistics, permutational testing procedure, correction for thealleles from the first-round scan into two alleles. For example,

if the first round of tree scanning cut a single branch to create number of genotypic categories (Equation 1), and method
for correcting for multiple tests that were used in the tree scan.two allelic categories, say A and B, then the second round of

tree scanning subdivides either the A allele into two alleles,
say A� and A″, or the B allele into B � and B″, thereby converting
the first-round two-allele system into a three-allele system. RESULTS
Once again, the association between phenotypes and geno-
types is measured by an F-statistic from a one-way ANOVA. Adh in Drosophila: Figure 1 shows the Adh haplotype
However, the testing procedure is now altered to reflect the tree and the nested design used by Templeton et al.
conditional nature of the inference. For example, suppose (1987). The NCA of the activity of the enzyme alcoholthe first round subdivided the tree into two alleles, A and B,

dehydrogenase (Adh) identified four branches with sta-and a second-round cut is made within the A allele to form
tistically significant associations (P � 0.05) using a stan-three alleles, A�, A″, and B. The test results should focus exclu-

sively upon the variation associated with the A� and A″ alleles dard, parametric nested analysis of variance (Tem-
(the new alleles created by the second round of tree scanning) pleton et al. 1987), as indicated by asterisks in Figure 1.
because the B allele is regarded as given. These three alleles Table 2 gives the initial results of the tree-scan testsdefine six possible genotypes: A�A�, A�A″, A″A″, A�B, A″B, and

for association between the phenotype of Adh activityBB. The BB genotype bears none of the second-round alleles,
and the Adh haplotype tree based upon 5000 permuta-and it has already been inferred to have significant phenotypic

differences from some or all of those genotypes with A category tions. Figure 2 shows these same results graphically. The
alleles. Hence, individuals who are BB are completely excluded partition that splits the tree between haplotypes 1 and
from the second-round permutation procedure. The remain- 15 explains 81% of the variance of Adh activity and is
ing five genotypes are subdivided into two categories, those

the only peak. The 1–15 branch is therefore cut to formthat have only A class alleles (A�A�, A�A″, and A″A″), and those
two allelic classes, A (haplotypes 1–14) and B (haplo-that have one A class allele and one B allele (A�B and A″B).
types 15–25). The results of the second round are givenTo fix the effect of the B allele so that it can make no contribu-

tion to the significance of the F - statistic, phenotypes are per- in Table 3 and shown in Figure 3. Eighty-four percent
mutated only within the two genotypic categories of having of the phenotypic variance was explained by the 0-8 split
two A class alleles or of having one A class allele and one B within A when coupled with the first-round 1-15 split.allele. By excluding BB and restricting the permutations within

The two branches with significant phenotypic associa-genotypic classes with the same number of B alleles (either 0
tions in the tree scan are identical to two branches withor 1), the significance of our second-round F-statistics depends

exclusively upon the phenotypic differences associated with the strongest statistical signal in the original NCA. The
the A� and A″ alleles. Similar considerations hold in the sec- tree-scan analysis is therefore consistent with the nested
ond-round cut in the B class to create B� and B″ alleles or when clade analysis, but appears to have detected fewer associ-there are multiple first-round allelic categories.

ations. However, this appearance may be misleading.After the statistical significance of the second-round cuts
The NCA and tree-scan analyses of the Adh haplotypehas been determined, the correction for multiple comparisons

is applied separately to the branches cut within the A allele tree differ in three regards: (1) using the haplotype tree
and to branches cut within the B allele. This reflects the condi- to define a nested design vs. using the haplotype tree
tional nature of the second round of the tree scan in which to define bi- and triallelic genotype contrasts, (2) evalu-
we consider the two distinct biological hypotheses of heteroge-

ating the significance through a parametric nested anal-neity within A and of heterogeneity within B. Accordingly all
ysis of variance (NANOVA) vs. nonparametric permuta-corrections for multiple testing are stratified within A and B.

As before, peaks are identified by pvk. tion testing, and (3) not adjusting the test statistics for
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TABLE 2

Initial tree scan of the Adh haplotype tree for
the phenotype of Adh activity

Corrected
Branch F - statistic p vk Probability probability

1–15 176.09 0.81 0.0000 0.0000
1–2 124.57 0.75 0.0000 0.0000
2–3 66.68 0.62 0.0000 0.0000
15–22 16.14 0.27 0.0002 0.0010
22–24 6.84 0.12 0.0106 0.0994
15–20 6.54 0.12 0.0050 0.1026
3–13 5.28 0.09 0.0244 0.1796
13–14 4.74 0.08 0.0290 0.2120
20–21 4.68 0.08 0.0086 0.2900

Branches are indicated by the two haplotypes they intercon-
Figure 1.—The nested clade analysis of the Adh haplotype nect. The probability of the F-statistic under the null hypothe-

tree with the phenotype of Alcohol dehydrogenase activity in sis of no phenotypic differences across genotypes is evaluated
Drosophila melanogaster. Haplotypes are indicated by the num- through random permutation testing, and these probabilities
bers 1–25. Each double-headed arrow corresponds to a single are then corrected for multiple comparisons. Only branches
mutational change in this unrooted tree. A 0 indicates an that are significant at the P � 0.05 level, with or without
intermediate haplotype state not found in the current sample correction, are reported.
but inferred through maximum parsimony. Haplotypes are
nested together into one-step clades, indicated by 1-. One-
step clades are then nested into two-step clades, indicated by

uncorrected P-value of 0.048 for this branch in the2-, which in turn are nested into the three step clades, 3-1
and 3-2. A nested analysis of variance without correction for nested clade analysis with permutational testing (Tem-
multiple testing detected statistically significant phenotypic pleton et al. 1988, Table 1). Hence, when comparable
transitions on four branches, as indicated by asterisks (Tem- statistical tests and criteria are used, the nested cladepleton et al. 1987). A nonparametric permutation test de-

analysis and the tree-scan analysis of the Adh data settected three significant phenotypic transitions, as indicated
yield identical inferences at similar P-levels.by the circled asterisks, but without correction for multiple

testing (Templeton et al. 1988). APOE tree-scan analysis: Much phylogenetic ambigu-
ity is present in the statistical parsimony tree of the
APOE haplotypes, as shown in Figure 4. This ambiguity
can be resolved to yield 48 distinct trees, each with 38multiple tests vs. such an adjustment. To focus just on
branches. We applied tree scanning to all possible reso-the impact of how the haplotype tree was used (differ-
lutions of this tree as a check on the robustness of ourence 1), we need to make the nested clade and tree-scan
inferences to phylogenetic ambiguity. With 48 alterna-analyses comparable for the latter two points. Difference

2 (NANOVA vs. permutation testing) has already been tive trees each with 38 branches, there are a total of
48 � 38 � 1824 branches. Because the alternative treesaddressed for the Adh tree (Templeton et al. 1988). Fig-

ure 1 shows that only three significant effects are de- affect only a few allele groupings, the phylogenetic am-
biguity shown in Figure 4 adds only 22 additionaltected in the NCA using permutational testing, includ-

ing the two detected by tree scanning. These results are branches to our analysis of APOE, for a total of 60
branches. Moreover, because not all haplotypes are pres-consistent with the well-known fact that nonparametric

tests are generally of lower power than appropriate para- ent in every population sample and many haplotypes
or groups of haplotypes have fewer than five observa-metric tests. The advantage of the nonparametric test

is greater robustness to deviations from the parametric tions in a given stratum, the tree scan of any particular
sample always involved �60 branches.distributional assumptions, including applicability to

statistics whose distributional properties are poorly Table 4 presents those branches that had statistically
significant phenotypic associations (P � 0.05, after ad-known. Moreover, the nonparametric test is applicable

to effectively haploid samples as well as outbred diploid justing for multiple testing) in each of the six samples
defined by geographic location and gender. Many ofsamples, whereas the parametric NANOVA can be ap-

plied only to effectively haploid samples. the significant branches for a particular phenotype in
a given population are adjacent on the haplotype tree,To adjust for the fact that the NCA with permutational

testing did not correct for multiple tests (Templeton so Figure 5 shows only the peak branches from Table 4.
To obtain the second round of tree scanning for theet al. 1988), we examine the tree-scan tests without cor-

rection for multiple testing. As can be seen from Table 3, APOE tree, all peak branches for a particular trait and
population sample identified in the first round of testingthe uncorrected P-value for the 17–19 branch in the

tree-scan analysis is 0.039, a value slightly below the (Figure 5) were cut one by one, and then the same trait
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Figure 2.—The results of the first round of
tree scanning on the Adh haplotype tree for the
phenotype of Adh activity. The haplotype tree is
the same as shown in Figure 1, but drawn in a
different fashion. Double-headed arrows indicate
single mutational changes. Dashed vertical lines
are used to indicate multiple branches coming
off a single node, but the dashed lines themselves
do not indicate any mutational change. The pvk

values that were statistically significant at the 0.05
level of probability with and without correcting
for multiple tests are shown above the branch
with which they were associated.

and population sample were analyzed by an additional 7–13 (Figures 5 and 6). Moreover, the strongest pheno-
typic effects are associated with these two branches. Evencut in the APOE tree conditioned on the first-round

peak being cut. Table 5 shows the branches conditioned though these two branches are adjacent in the APOE
tree (Figure 4), two rounds of tree scanning successfullyon the cut branch that had statistically significant associ-

ations (P � 0.05) after adjusting for multiple testing in separated their effects. For example, Figure 5 shows that
the first round of tree scanning detected a significantthe second round of tree scanning and Figure 6 shows
peak association on the 7–8 branch with the phenotypethe second-round peaks. The combined analyses over
of ln ApoE in both Rochester males and females, ourall traits and population samples carried out in the two
largest sample. The 7–8 branch was therefore cut in therounds of tree scanning as summarized in Figures 5 and

6 identified 16 significant peak splits in the APOE tree
located on eight distinct branches, 11 of which are asso-
ciated with ln ApoE, the phenotype most directly related
to the function of the candidate gene.

The tree-scan results are consistent with the prior
literature that branches 7–8 (ε3 vs. ε4) and 7–13 (ε3 vs.
ε2) should delineate significant phenotypic effects. Ten
of the 16 distinct phenotypic associations found by tree
scanning include branches 7–8 and/or 7–13 (Tables 4
and 5) and 8 peak associations map to branches 7–8 or

TABLE 3

Results from the second round of tree scanning the Adh
data set conditioned on the 1–15 branch being cut

to define two initial alleles, A and B

Corrected
Branch F - statistic pvk Probability probability

Within A
Figure 3.—The results of the second round of tree scanning0–8 109.59 0.84 0.0004 0.0006

on the Adh haplotype tree for the phenotype of Adh activity8–9 94.59 0.82 0.0248 0.2740
conditioned upon cutting the branch between haplotypes 1
and 15 to make two prior allelic classes, A and B. The pvk valuesWithin B
in this case show the amount of phenotypic variance explained17–19 136.56 0.87 0.0388 0.1962
by cutting the 1–15 branch and a second branch within A or
B. The pvk values are shown above the branch cut in additionOnly branches that are significant at the P � 0.05 level,

with or without correction, are reported. to the 1–15 branch.
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Figure 4.—The esti-
mated haplotype tree for
ApoE under statistical parsi-
mony. Haplotypes are desig-
nated by the numbers given
in Table 1, with 0 indicating
intermediate haplotypes
not present in the sample.
Each double-headed arrow
indicates a single-nucleo-
tide change, and the dotted
lines show possible alterna-
tive branches that are due
to phylogenetic ambiguity.
The number by each dou-
ble-headed arrow indicates
the DNA position that mu-
tated using the numbers
given in Fullerton et al.
(2000). Boxes enclose those
haplotypes that belong to
the three major electropho-
retic allele classes: ε2, ε3,
and ε4.

Rochester populations for the second round of tree of tree scanning is with the phenotype of ln ApoE and
maps to a branch adjacent to the 7–13 branch, whichscanning on the phenotype of ln ApoE. As can be seen

in Figure 6, a second peak association was mapped in is also statistically significant (Table 4). In this case, the
peak defined by the pvk values is not very pronounced,the second round of tree scanning to the 7–13 branch

in both genders. going from 7.4% for the 13–25 branch to 7.0% for
the 7–13 branch. It is therefore possible that the trueBesides the 7–8 and 7–13 branches that define the

traditional protein electrophoretic alleles at the APOE phenotypic association in this case is actually due to
the 7–13 branch and that tree scanning assigned thegene, the only other branch that shows replication in

its phenotypic associations in the tree scan is the 6–15 association to an adjacent branch due to stochastic fluc-
tuations arising from the shallowness of the peak. How-branch for the phenotype of ln ApoE in Jackson males

and females (Figures 5 and 6). This branch is absent ever, the remaining three associations in North Karelia
females do not include any of the branches associatedin the other two populations, so replication across popu-

lations cannot be tested. Interestingly, the 6–15 branch with amino acid changes in the statistically significant
set (Tables 4 and 5), so North Karelia females remainis defined by an amino acid coding change at site 4036

in the APOE DNA sequence. Only 4 of the 21 SNPs an outlier in the tree-scan analysis. The North Karelia
sample is also atypical because it has one of the highestscored in this study involve coding sequence, yet 10 of

the 16 peaks map to three branches defined by amino incidences of coronary artery disease known from stud-
ies of human populations throughout the world (Tun-acid coding SNPs. Hence, all three of these amino acid

changes appear to be important in the Jackson popula- stall-Pedoe et al. 1994).
Only one detected association is sensitive to the ambi-tion in influencing the level of ln ApoE. These results

suggest that the ε3 allelic class has internal phenotypic guity of the tree topology (the 1–2 branch in Figure 5).
When haplotype 21 connects directly to haplotype 2,heterogeneity in the Jackson sample and should be sub-

divided into two alleles by the state of this third polymor- we detect a significant association with the phenotype
of total cholesterol on the 1–2 branch in Jackson males,phic amino acid coding position.

Of the remaining six phenotypic peaks, four are de- but when haplotype 21 connects to haplotype 7, no sig-
nificant association is detected. Until this evolutionarytected in North Karelia females on three branches

(branch 13–25 for ln ApoE, branch 20–23 for ln TG ambiguity can be resolved (which in turn may be due
to an error in an inferred haplotype), we would regardand ln ApoE, and branch 1–7 for ln ApoE). All three

of these branches are found in all population samples, such phylogenetically sensitive inferences as tentative.
APOE tree-scan analysis using prior knowledge: Ta-so the lack of replicability across populations is not

simply due to the absence of the appropriate genetic ble 6 shows those branches with significant phenotypic
associations given that the 7–8 and 7–13 branches ofvariants. One of these associations from the first round
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TABLE 4 ations were discovered after correction for multiple test-
ing. Eighteen of these SNP associations correspond toBranches with statistically significant (�0.05) phenotypic
the mutations that define branches with significant asso-associations after correcting for multiple testing from
ciations in the tree scan for the corresponding trait,the first round of tree scanning of the APOE

haplotype tree in six human samples population, and gender. Four SNP associations have no
defined by geographical corresponding significant branch in the tree-scan analy-

location and gender sis, and 10 branch associations have no corresponding
significant SNP association. Therefore, although the two

Corrected analyses yield largely concordant inferences, the tree
Trait Sample Branch F - statistic pvk probability scan detected more associations overall than the single

SNP analysis.ln ApoE J female 7–13 35.98 0.130 0.0000
ln ApoE J female 7–8 13.28 0.050 0.0090
ln ApoE J female 6–15 21.12 0.041 0.0156

DISCUSSIONln ApoE J male 7–13 16.04 0.123 0.0000
ln ApoE J male 6–15 15.14 0.062 0.0152 The analysis of the Drosophila ADH tree allows a directln ApoE N female 13–25 8.48 0.074 0.0102

comparison between the nested clade analysis and treeln ApoE N female 7–13 8.00 0.070 0.0160
scanning. When comparable statistical tests and criterialn ApoE N female 7–8 6.35 0.054 0.0272
are used, the nested clade analysis and the tree-scanln ApoE R female 7–8 39.63 0.147 0.0000

ln ApoE R female 7–13 24.00 0.093 0.0000 analysis of the Adh data set yield identical inferences at
ln ApoE R female 8–26 22.02 0.086 0.0000 similar P - levels. Hence, these two different methods use
ln ApoE R female 4–26 21.64 0.084 0.0000 the evolutionary historical information in the haplotype
ln ApoE R female 8–22 12.58 0.049 0.0062 tree in a similar fashion. In contrast, a standard paramet-ln ApoE R female 13–19 10.40 0.040 0.0062

ric analysis of variance (ANOVA) on these data that makesln ApoE R female 13–25 18.03 0.037 0.0062
no use of the Adh haplotype tree detects only the pheno-ln ApoE R male 7–8 26.48 0.115 0.0000
typic effects associated with the 1–15 branch (Templetonln ApoE R male 8–26 19.99 0.088 0.0000

ln ApoE R male 4–26 19.99 0.088 0.0000 et al. 1987, 1988) even with no correction for multiple
ln ApoE R male 7–13 10.18 0.045 0.0050 tests. Both nested clade analysis and tree scanning de-
ln ApoE R male 4–18 16.02 0.037 0.0132 tected additional allelic categories with distinct phe-
TC J female 7–13 8.96 0.033 0.0352 notypic associations that are invisible to the standardTC J male 1–2 a 6.64 0.050 0.0424

ANOVA (Templeton et al. 1987, Table 1). Thus, placingTC R female 7–13 11.76 0.046 0.0014
haplotypes into their evolutionary context clearly aug-TC R female 13–19 6.06 0.022 0.0358
ments our ability to detect current genotype/phenotypeHDL-C R female 13–19 6.71 0.025 0.0366

ln TG N female 20–23 8.74 0.076 0.0148 associations in this example.
The APOE analysis identified the associations ex-The populations sampled are J, Jackson; N, North Karelia;

pected from the prior literature as well as several addi-and R, Rochester.
tional associations. Of 16 different peak inferences, onlya This branch association was sensitive to the phylogenetic

ambiguity in the tree and did not hold up for all possible one was sensitive to the ambiguity reflected by the 48
phylogenetic resolutions. distinct haplotype trees under statistical parsimony. The

existence of even this one phylogenetically sensitive in-
ference illustrates the importance of estimating haplo-

the APOE haplotype tree were cut on the basis of prior type trees with an algorithm such as TCS, which yields a
information that the traditional ε2, ε3, and ε4 allelic 95% confidence set of phylogenetic connections rather
classes have strong phenotypic associations. Two new as- than just a single best tree. In a fully resolved tree of n
sociations emerge with the addition of this prior infor- haplotypes, there will be n � 1 branches. In the case
mation (Table 6) beyond that already shown in Figures 5 of APOE, we had 39 haplotypes, so a fully resolved tree
and 6: a significant effect on HDL-C in North Karelia would require scanning 38 branches. However, because
females that is evenly distributed across three adjoining of ambiguities in tree topology and/or haplotype infer-
branches within the ε4 portion of the haplotype tree ence, we had to consider alternative resolutions, causing
and a significant effect on ln TG in Rochester males us to consider a total of 60 possible branches. The num-
localized to branch 4–18, also within the ε4 portion of ber of tests performed has a direct impact on the statisti-
the haplotype tree. The results shown in Table 6 along cal power to detect phenotypic associations when the
with the original tree-scan results in Tables 4 and 5 correction for multiple tests is executed. Hence, if the
indicate that there is significant functional heterogene- APOE tree were more resolved, our statistical power would
ity within all three of the traditional electrophoretic increase. Nevertheless, the APOE results clearly show
allelic classes at the APOE gene. that tree scanning can and does work even when there

APOE single SNP analysis: Table 7 shows the results is much ambiguity in the tree topology.
The problem of phylogenetic/haplotype ambiguityof the single SNP analysis. A total of 22 significant associ-
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Figure 5.—Results of the first round of
tree scanning on the ApoE haplotype tree
for four lipid phenotypes in three human
populations stratified by gender. The tree
drawing conventions are the same as those
given in Figure 2, but with the addition of
dotted lines that show possible alternative
branches that are due to phylogenetic ambi-
guity. Only the peak associations after cor-
rection for multiple testing are shown.
Above every peak association are letters that
indicate the population and gender for
which the association was found: JF, Jackson
females; JM, Jackson males; NF, North Kare-
lia females; RF, Rochester females; and RM,
Rochester males.

can be completely avoided by testing for associations The results for Jackson females reveal an additional
benefit of tree scanning over single SNP analyses. The sin-with the SNPs directly. This has the advantage of directly

increasing power by reducing the number of tests. There gle SNP analyses find a significant association of ln ApoE
with SNPs 3937, 4036, and 4075 (Table 7); the tree scanare only 21 SNPs, but there are 38 branches in a fully

resolved tree and 60 branches in the set of probable finds the phenotype of ln ApoE is significantly associated
with branches 7–8 (defined by SNP 3937), 6–15 (definedtrees. If tree scanning is to have an advantage over SNP

analyses, it must tap into sufficient additional biological by SNP 4036), and 7–13 (defined by SNP 4075) (Tables
4 and 5). Although the results seem to be identical,information that more than compensates for this pen-

alty in statistical power when correcting for multiple they are not. The three SNPs associated with ln ApoE
variation in the single SNP analyses are tightly linkedtests. As can be seen by contrasting Tables 4 and 5 vs. 7,

more traits had significant associations in more popula- in a small portion of the APOE gene spanning just
138 bp. An investigator obtaining these results wouldtions with tree scanning than with multiple single SNP

analyses. Obviously, there is biological information in be faced with the conundrum of whether or not these
three statistically significant signals were three biologi-the haplotypes and their evolutionary relationships that

more than compensates for the need of additional testing. cally independent signals or just one signal confounded

TABLE 5

Branches with statistically significant (�0.05) phenotypic associations after correcting for multiple testing
from the second round of tree scanning of the ApoE haplotype tree in six human populations

defined by geographical location and gender

First-round Second-round Corrected
Trait Sample cut branch branch F - statistic pvk probability

ln ApoE J females 7–13 6–15 35.90 0.182 0.0334
ln ApoE J females 6–15 7–13 35.90 0.182 0.0000
ln ApoE J females 6–15 7–8 14.38 0.079 0.0170
ln ApoE J males 7–13 6–15 14.40 0.200 0.0024
ln ApoE J males 6–15 7–13 14.40 0.200 0.0000
ln ApoE J males 6–15 7–8 8.85 0.128 0.0122
ln ApoE N females 13–25 1–7 6.31 0.124 0.0294
ln ApoE N females 13–25 7–8 6.25 0.123 0.0312
ln ApoE N females 13–25 20–23 7.29 0.119 0.0424
ln ApoE R females 7–8 7–13 24.24 0.206 0.0014
ln ApoE R males 7–8 7–13 13.74 0.140 0.0426

The populations sampled are J, Jackson; N, North Karelia; and R, Rochester.
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Figure 6.—Results of the second round of
tree scanning on the ApoE haplotype tree for
four lipid phenotypes in three human popula-
tions stratified by gender. The tree-drawing
conventions are the same as those given in
Figure 5. Only the peak associations after cor-
rection for multiple testing are shown above
the branch cut in addition to the conditional
cut, which is indicated below the correspond-
ing pvk value. Above every peak association are
letters that indicate the population and gender
for which the association was found: JF, Jack-
son females; JM, Jackson males; NF, North Kar-
elia females; RF, Rochester females; and RM,
Rochester males.

by tight linkage. The results of the single SNP analyses ln ApoE to a smaller number of branches and identifies
distinct associations. In general, when dealing with smallper se yield no insight into how to resolve this conun-

drum. In contrast, the tree-scan analysis makes it clear DNA regions characterized by much internal linkage
disequilibrium, the results of multiple single SNP analy-on the first round (and confirmed by the second round)

that these three significant sites map onto two biologi- ses are difficult to interpret biologically. By utilizing the
structure of the haplotype tree (one of the major deter-cally distinct impacts on the phenotype of ln ApoE; one

peak is associated with branch 7–13 (SNP 4075) and a minants of the pattern of linkage disequilibrium in the
DNA region), tree scanning makes use of the internalsecond, distinct peak is associated with branch 6–15 (SNP

4036). Similar situations occur in Jackson males and in linkage disequilibrium and identifies subsets of the
statistically significant associations that represent bio-Rochester females and males for ln ApoE. In all of these

cases, SNP analyses find multiple SNPs showing linkage logically distinct phenotypic associations. This is a tre-
mendous advantage of tree scanning (and nested cladedisequilibrium that are associated with variation in ln

ApoE. Tree scanning identifies the branches associated analysis) over single SNP analyses.
Another advantage of tree scanning is how it deals withwith these same SNPs, but then localizes these effects on

TABLE 6

Branches with statistically significant (�0.05) phenotypic associations after correcting for multiple testing
conditioned upon the prior cutting of the 7–8 and 7–13 branches of the ApoE haplotype tree

in six human samples defined by geographical location and gender

Branches with significant effects for the phenotype of

Sample ln TG TC HDL-C ln ApoE

J females 6–15 (4036)
J males 1–2 a (560) 6–15 (4036)
N females 20–23 (560) 8–22 (4951):8–26 (1998):4–26 a (832) 13–19 (560):13–25 (624)

20–23 (560)
N males 4–18 (624)
R females
R males

The populations sampled are J, Jackson; N, North Karelia; and R, Rochester. Branches are indicated by the
haplotypes they connect, and the SNP number associated with the branch is indicated in parentheses. Sets of
branches that are contiguous in the tree are separated by a colon whereas noncontiguous sets appear on
separate lines

a This set of branch associations was sensitive to the phylogenetic ambiguity in the tree and did not hold
up for all possible phylogenetic resolutions.
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TABLE 7 age disequilibrium with a functional marker, its signal
of phenotypic association is not diluted by pooling itSNPs with statistically significant (�0.05) phenotypic
with the other homoplasious mutational events. Thus,associations after correcting for multiple testing in
tree scanning can detect an association with a branchsix human samples defined by geographical

location and gender associated with a homoplasious marker site that is invisi-
ble to single SNP association studies.

SNPs with significant effects for This advantage of tree scanning in dealing with homo-
plasy is lost when the nucleotide site showing homoplasySample ln TG TC HDL-C ln ApoE
is also the functional site. Note that the single SNP analy-

J females 4075 3937, 4036, 4075 sis detected a significant association of site 832 with the
J males 3937, 4036, 4075 phenotype of ln ApoE in North Karelia females and
N females 832, 3937, 4075 Rochester males, but none of the branches associatedN males 624

with a significant impact on ln ApoE in the tree scanR females 4075 624, 1998, 3937,
are marked by this SNP. Site 832 also shows much homo-4075, 4951
plasy, mutating at least six times in the APOE haplotypeR males 832, 1998, 3937,

4075, 4951 tree. However, unlike site 560, there is evidence that site
832 codes for a functional variation. This site is in theThe populations sampled are J, Jackson; N, North Karelia;
promotor region of the APOE gene, and lower levels ofand R, Rochester. SNPs are indicated by the DNA position
the ApoE protein are associated with the T nucleotidenumbers given in Fullerton et al. (2000).
state at this SNP as compared to the G state, an effect that
may be attributable to differential binding of nuclear
proteins involved with cis-acting transcriptional regula-homoplasy. Homoplasy occurs when the same muta-

tional transition occurs more than once in the evolution- tion (Artiga et al. 1998). If the functional effect of a
homoplasious SNP does not depend greatly upon theary history of the gene region. Homoplasy is a common

phenomenon, found in almost all human haplotype trees, context defined by other SNPs, the single SNP analysis
will have greater sensitivity than the tree scan becauseincluding the APOE tree. The commonness of multiple

mutational hits at the same nucleotide site is to be ex- the tree scan splits up the sample into many separate
allelic categories. To test the functionality of homoplasi-pected because the mutagenic process is highly nonran-

dom in humans, resulting in mutational hotspots (Tem- ous sites, we recommend that each homoplasious SNP
(identifiable from the haplotype tree) also be subjectedpleton et al. 2000). The impact of homoplasy upon the

relative merits of tree scanning vs. SNP analyses depends to a single-site analysis for phenotypic association. A
discrepancy in which the single SNP analysis finds aupon whether or not the nucleotide site showing multi-

ple mutational hits is also a functional site. In most cases, phenotypic association and the tree scan does not would
suggest that the homoplasious site itself might havea SNP will be a marker rather than a directly functional

mutation, and in this case tree scanning has a great functional significance. Instead of such a discrepancy
being a problem, tree scanning coupled with single ho-advantage over multiple single SNP analyses because

the tree itself adjusts for homoplasy. For example, tree moplasious site analyses enables us to make more power-
ful biological inference and leads to avenues of investi-scanning found significant associations of ln TG and ln

ApoE with branch 20–23 in the North Karelia females gation that would not otherwise be known. In this case,
tree scanning can suggest functional hypotheses for in-and of HDL C with branch 13–19 in Rochester females,

all defined by mutations at site 560. The single SNP dividual sites, as it does in the case of site 832.
Another advantage of tree scanning is that it is easyanalysis of site 560 found none of these associations,

despite its a priori advantage in statistical power when to incorporate prior information. As mentioned above,
there is much prior information that sites 3937 andcorrecting for multiple testing. Site 560 shows much

homoplasy, having mutated a minimum of four times 4075 are functionally important. When we incorporated
this prior information, thereby starting with a three-in the APOE tree. Thus, when one pools together all

the copies of this gene with A at site 560 into one allele allele system (corresponding to the traditional ε2, ε3,
and ε4 alleles), tree scanning detected two additionaland all the copies with T at this site into a second allele,

one is actually pooling together into a single allele the peak associations (Table 6) and showed that there is
functional heterogeneity within each of the traditionalproducts of two or more distinct mutations. In popula-

tion genetics parlance, these alleles are identical-by-state electrophoretic alleles. The fact that additional associa-
tions were found in this analysis indicates that priorbut not identical-by-descent. If the site being used to

define such alleles is not functional per se, the signal of knowledge can augment the power of the tree scan.
We can also use Table 6 to compare tree scanning withfunctionality due to linkage disequilibrium with another

site is weakened by pooling sequences that are not iden- the work of Stengård et al. (2002) on the same data
set analyzed in this article. Stengård et al. (2002) alsotical-by-descent. In contrast, tree scanning considers ev-

ery detected mutation at this site separately, so if only accepted the ε2, ε3, and ε4 allelic classes as functionally
significant on the basis of prior knowledge and lookedone of the multiple mutational events is in strong link-
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for heterogeneity within these three allelic classes by ask- concordant with prior information about allele classes
with functional significance, indicating that the tree-ing if adding on a third SNP in addition to SNPs 3937

and 4075 (the two that define the ε2, ε3, and ε4 alleles) scan inferences have biological validity in this case. Tree
scanning found more phenotypic associations than sin-would significantly improve the explanation of pheno-

typic variance. Thus, contrasting their results with the gle SNP analyses and other alternatives did, particu-
larly at sites that have experienced multiple mutationalresults given in Table 6 provides a direct comparison

of the strategies of adding a third SNP vs. cutting a third hits. This is an important property of tree scanning be-
cause SNPs associated with mutagenic sites are extremelybranch in the prior allelic classes. Stengård et al. (2002)

found five cases in which a third SNP did indeed result common in some candidate regions (Templeton et al.
2000). Finally, tree scanning provides clearer biologicalin significant improvement in explaining phenotypic

variance, and three of these are also found by tree scan- interpretations than single SNP analyses do, such as the
ability to identify biologically distinct associations withinning (the ones found in Jackson females and males in

Table 6). However, Stengård et al. (2002) did not cor- a highly correlated data set.
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et al., 1998 Allelic polymorphisms in the transcriptional regula-
all cases to homoplasy: the highly homoplasious SNPs tory region of the apolipoprotein E gene. FEBS Lett. 421: 105–108.

Balciuniene, J., L. Emilsson, L. Oreland, U. Pettersson and E. E.560, 624, and 832 define these additional branches.
Jazin, 2002 Investigation of the functional effect of monoamineOverall, the tree scan detected the same effects as that
oxidase polymorphisms in human brain. Hum. Genet. 110: 1–7.
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