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Global patterns of human DNA sequence variation (haplotypes) defined by 
common single nucleotide polymorphisms (SNPs) have important implica- 
tions for identifying disease associations and human traits. We have used 
high-density oligonucleotide arrays, in combination with somatic cell ge- 
netics, to identify a large fraction of all common human chromosome 21 SNPs 
and to directly observe the haplotype structure defined by these SNPs. This 
structure reveals blocks of limited haplotype diversity in which more than 80% 
of a global human sample can typically be characterized by only three common 
haplotypes. 

Human DNA sequence variation accounts for 
a large fraction of observed differences be- 
tween individuals, including susceptibility to 
disease. The majority of human sequence 
variation is due to substitutions that occurred 
once in the history of mankind at individual 
base pairs, called single nucleotide polymor- 
phism~ (SNPs) (1-3). Although most of these 
biallelic SNPs are rare, it has been estimated 
that 5.3 million common SNPs, each with a 
frequency of 10 to 50%, account for the bulk 
of the DNA sequence difference between hu- 
mans. Such SNPs are present in the human 
genome once every 600 base pairs (4). Al- 
leles making up blocks of such SNPs in close 
physical proximity are often correlated, re-
sulting in reduced genetic variability and de- 
fining a limited number of "SNP haplotypes," 
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each of which reflects descent from a single, 
ancient ancestral chromosome (5). Although 
a block of N independent biallelic SNPs 
could in theory generate 2N different haplo- 
types, in the absence of recurrent mutation 
andlor recombination the number of observed 
haplotypes should be no greater than (N + 1). 
The complexity of local haplotype structure 
in the human genome and the distance over 
which individual haplotypes extend is poorly 
defined. Empirical studies investigating dif- 
ferent segments of the human genome in 
different populations have revealed tremen- 
dous variability in local haplotype structure. 
These studies indicate that the relative con- 
tributions of mutation, recombination, selec- 
tion, population history, and stochastic events 
to haplotype structure vary in an unpredict- 
able manner, resulting in some haplotypes 
that extend for only a few kilobases (kb) and 
others that extend for greater than 100 kb 
(6-8). These findings suggest that any com- 
prehensive description of the haplotype struc- 
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ture of the human genome, defined by com- 
mon SNPs. will require empirical analysis of 
a dense set of SNPs in many independent 
copies of the human genome. As a first step 
toward achieving this goal, we have used 
high-density oligonucleotide arrays, in com- 
bination with somatic cell genetics, to iden- 
tify a large fraction of all common human 
chromosome 2 1 SNPs and to directly abserve 
the haplotype structure they define. 

SNPs were discovered by using a publicly 
available panel of 24 ethnically diverse individ- 
uals (9). We physically separated the two cop- 
ies of chromosome 21 from each individual 
using a rodent-human somatic cell hybrid tech- 
nique (I  0).Twenty independent copies of chro- 
mosome 21, representing African, Asian, and 
Caucasian chromosomes, were analyzed for 
SNP discovery and haplotype structure. Fin- 
ished human chromosome 21 genomic DNA 
sequence consisting of 32,397,439 bases was 
masked for repetitive sequences and the result- 
ing 21,676,868 bases (67%) of unique sequence 
were assayed for variation with high-density 
oligonucleotide arrays (11). In total, we synthe- 
sized 3.4 X lo9 oligonucleotides on 160 wafers 
to scan 20 independent copies of human chro- 
mosome 21 for DNA sequence variation. Each 
unique chromosome 21 was amplified from a 
rodent-human hybrid cell line by using long 
range-polymerase chain reaction (LR-PCR) 
(12). We designed unique oligonucleotides to 
generate 3253 minimally overlapping LR-PCR 
products of 10-kb average length spanning 32.4 
Mb of contiguous chromosome 21 DNA. LR- 
PCR products corresponding to the bases 
present on a single wafer were pooled and 
hybridized to the wafer as a single reaction (13). 
SNPs were detected as altered hybridization by 
using a pattern recognition algorithm (14). In 
total, we identified 35,989 SNPs in our sample 
of 20 chromosomes. The position and sequence 
of these human polymorphisms have been de- 
posited in the National Center for Biotechnol- 
ogy Information (NCBI) dbSNP database, 
accession numbers ss#3995623 through 
ss#4020948. We used dideoxy sequencing to 
assess a random sample of 227 of these SNPs in 
the original DNA samples and confirmed 220 
(97%) of the SNPs assayed. In order to achieve 
thls low rate of 3% false-positive SNPs, we 
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required stringent thresholds for SNP detection 
on wafers that resulted in a high false-negative 
rate. Approximately 65% of all bases present on 
the wafers yielded data of high enough quality 
for use in SNP detection. (15). 

The allele frequency distribution of the 
SNPs is presented in Fig. 1A. Genetic varia-
tion, normalized for the number of chromo-
somes in our sample, was estimated with two 
measures of nucleotide diversity: T, the av-
erage heterozygosity per site, and 0, the pop-
ulation mutation parameter (16). The esti-
mates of average nucleotide diversity for the 
total data set (T = 0.000723 and 0 = 
0.000798) as well as the distribution of nu-
cleotide diversity, measured in contiguous 
200,000 base pair bins of chromosome 21 
(Fig. lB), are within the range of values 
previously described (2,3,17). The estimate 
of 0 was observed to be greater than the 
estimate of T for 129 of the 162 200-kb bins 
of contiguous DNA sequence analyzed. This 
difference is consistent with a recent expan-
sion of the human population and is similar to 
the finding of a recent study of nucleotide 
diversity in human genes (18). We found that 
11,603 of the SNPs (32%) had a minor allele 
observed a single time in our sample (single-
tons), as compared to the neutral model ex-
pectation of 43% singletons given the ob-
served amount of nucleotide diversity (19). 
The difference between the observed and ex-
pected values is largely attributable to our 
reduced power to identify rare as compared to 
common SNPs (15). 

We identified 47% of the 53,000 common 
SNPs with an allele frequency of 10% or 
greater estimated to be present in 32.4 Mb of 
the human genome (4). This compares with 
an estimate of 18 to 20% of all such common 
SNPs present in the collection generated by 
the International SNP Map Working Group 
and the SNP Consortium (17). The difference 
in coverage is explained by the fact that we 
used larger numbers of chromosomes for 
SNP discovery. To assess the replicability of 
our findings, we performed SNP discovery 

for one wafer design with 19 additional cop-
ies of chromosome 21 derived from the same 
diversity panel as the original set of samples. 
We identified a total of 7188 SNPs using the 
two sets of samples. On average, 66% of all 
SNPs found in one set of samples were dis-
covered in the second set, consistent with 
previous findings (20,21). As expected, fail-
ure of a SNP to replicate in a second set of 
samples is strongly dependent on allele fre-
quency. We found that 80% of SNPs with a 
minor allele present two or more times in a 
set of sampleswere also found in a second set 
of samples, whereas only 32% of SNPs with 
a minor allele present a single time were 
found in a second set of samples. These 
findings suggest that the 24,047 SNPs in our 
collection with a minor allele represented 
more than once are highly replicable in dif-
ferent global samples and that this set of 
SNPs is.useful for defining common global 
haplotypes (22). In addition to the replicabil-
ity of SNPs in different samples, the distance 
between consecutive SNPs in a collection of 
SNPs is critical for defining meaningful hap-
lotype structure. Haplotypeblocks, which can 
be as short as several kilobases, may go 
unrecognized if the distance between consec-
utive SNPs in a collection is large relative to 
the size of the actual haplotype blocks. Our 
collection of SNPs is very evenly distributed 
across the chromosome, even though we did 
not include repeat sequences in our SNP dis-
covery process (Fig. 1C). The average dis-
tance between consecutive SNPs was 900 
bases when all SNPs are considered, and 
1300 bases when one considers only the 
24,047 common SNPs. For this set of com-
mon SNPs, 93% of the intervals between 
consecutive SNPs in genomic DNA, includ-
ing repeated DNA, were 4000 bases or fewer 
(Fig. 1C). 

The construction of haplotypes from dip-
loid data is complicated by the fact that the 
relation between alleles for any two heterozy-
gous SNPs is not directly observable. Con-
sider an individual with two copies of chro-

mosome 21 and two alleles, A and G, at one 
chromosome 21 SNP, as well as two alleles, 
A and G. at a second chromosome 21 SNP. In 
such a case, it is unclear whether one copy of 
chromosome 21 contains allele A at the first 
SNP and allele A at the second SNP but the 
other copy of chromosome 21 containins al-
lele G at the first SNP and allele G at the 
second SNP, or whether one copy of chromo-
some 21 contains allele A at the first SNP and 
allele G at the second SNP but the other copy 
of chromosome 21 contains allele G at the 
first SNP and allele A at the second SNP. 
Current methods used to circumvent this 
problem include statistical estimation of hap-
lotype frequencies, direct inference from 
family data, and allele-specific PCR amplifi-
cation over short segments (23,24). To avoid 
the uncertainty and missing information in-
herent in all of these methods (25), we char-
acterized SNPs on haploid copies of chromo-
some 21 isolated in rodent-human somatic 
cell hybrids, a process that allowed us to 
directly determinethe fullhaplotypes of these 
chromosomes. We have used the set of 
24,047 SNPs with a minor allele represented 
more than once in our data set to define the 
haplotype structure (Fig. 2). Although no two 
chromosomes shared an identical haplotype 
pattern for these 147 SNPs, there are nurner-
ous regions in which multiple chromosomes 
shared a common pattern. One such region, 
defined by 26 SNPs spanning 19 kb, is ex-
panded for more detailed analysis (Fig. 2). 
This block defines seven unique haplotype 
patterns in 20 chromosomes. Despite the fact 
that some data is missing because it did not 
pass the threshold for data quality, in all cases 
a given chromosome can be assigned unam-
biguously to one of the seven haplotypes. The 
four most frequent haplotypes, each of which 
is represented by three or more chromo-
somes, account for 80% of all chromosomes 
in the sample. Only 2 SNPs out of the total of 
26 are required to distinguish the four most 
frequent haplotypes from one another (Fig. 
2). In this example, four chromosome's with 

0.00.0.10 0.11-0.20 0.21-0 30 0 31-0 40 0.41-0 50 0 4 8 12 
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Fig. 1. (A) The distribution of minor allele frequenciesof all 35,989 SNPs was used to calculate an average nucleotide diversity (n) for each 
discovered in our sample of globally diverse chromosomes. (B) The segment. (C) The distribution of SNP coverage across 32,397,439 bases 
distribution of nucleotide diversity. The 32,397,439 bases of finished of finished chromosome 21 DNA sequence. An interval is the distarrce 
genomic chromosome 21 DNA were divided into 200,000 base pair between consecutive SNPs. There are a total of 35,988 intervals for the 
segments, and the high-quality base pairs used for SNP discovery in each entire SNP set and a total of 24,046 intervals for the common SNP set 
segment were examined. The observed heterozygosity of these bases (i.e., SNPs with a minor allele present more than once in the sample). 
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infrequent haplotypes would be misclassified 
as common haplotypes by using information 
from only these two SNPs. Nevertheless, it is 
remarkable that 80% of the haplotype struc- 
ture of the entire global sample is defined by 
less than 10% of the total SNPs in the block. 
Several different possibilities exist in which 
three SNPs can be chosen so that each of the 
four common haplotypes is defined uniquely 
by a single SNP (Fig. 2). One of these "three 
SNP" choices would be preferred over the 
two SNP combination in an experiment that 
involves genotyping of pooled-samples, be- 
cause 'the two SNP combination would not 
permit determination of frequencies of the 
four common haplotypes in such a situation. 
In summary, although the particular applica- 
tion may dictate the selection of SNPs to 
capture haplotype information, it is clear that 
the majority of the haplotype information in 
the sample is contained in a very small subset 
of all the SNPs. It is also clear that random 
selection of two or three SNPs from this 
block of SNPs will often not provide enough 
information to assign a chromosome to one of 
the four common haplotypes. 

An unresolved issue is how to define a set 
of contiguous blocks of SNPs spanning the 
entire 32.4 Mb of chromosome 21 while min- 
imizing the total number of SNPs required to 
define the haplotype structure. We use greedy 
optimization algorithm to address this prob- 
lem. We begin by considering all possible 
blocks of physically consecutive SNPs of size 
one SNP or larger. We exclude all blocks in 
which less than 80% of the chromosomes in 
the sample that provide data are defined by 
haplotypes represented more than once in the 
block (i.e., 80% coverage). Ambiguous hap- 
lotypes are treated as missing data and are not 
included when calculating percent cover- 
age. Considering the remaining overlapping 
blocks simultaneously, we select the one with 
the maximum ratio of total SNPs in the block 
to the minimal number of SNPs reauired to 
uniquely discriminate haplotypes represented 
more than once in the block. Any of the 
remaining blocks that physically overlap with 
the selected block are discarded. and the ~ r o -  
cess is repeated until we have selected a set of 
contiguous, nonoverlapping blocks that cover 
the 32.4 Mb of chromosome 21 with no gaps 

Table 1. Properties of SNP blocks. Common SNPs i 
a minor allele present more than once in the sample 
to define SNP blocks. Common haplotypes are the 
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and with every SNP assigned to a block. 
Given our sample size of 20 chromosomes, 
the algorithm produces a maximum of ten 
common haplotypes per block, each repre- 
sented by two independent chromosomes. 
Applying this algorithm to our data set of 
24,047 common SNPs, we defined 4135 
blocks of SNPs spanning chromosome 21 
(Table 1) (26). A total of 589 blocks, which 
is 14% of the total number of blocks, contain 
greater than ten SNPs per block and compose 

Fig. 2. The haplotype pat- 
terns for 20 independent 
globally diverse chromo- 
somes defined by 147 
common human chromo- 
some 21 SNPs. The 147 
SNPs span 106 kb of 
genomic DNA sequence. 
Each row of colored boxes 
represents a single SNP. 
The blue boxes in each 
row represent the major 
allele for that SNP, and 
the yellow boxes repre- 
sent the minor allele. Ab- 
sence of a box at any po- 
sition in a row indicates 
missing data. Each col- 
umn of colored boxes 
represents a single chro- 
mosome, and the SNPs 
are arranged in their 
physical order on the 
chromosome. Invariant 
bases between consecu- 
tive SNPs are not repre- 
sented in the figure. The 
147 SNPs are divided into 
18 blocks, defined by 
black horizontal lines. The 
position of the base in 
chromosome 21 genomic 
DNA sequence defining 
the beginning of one 
block and the end bf the 
adjacent block is indicat- 
ed by each number to  the 
left of the vertical black 
Line. The expanded boxes 
on the right of the figure 
remesent a SNP block de- 

44% of the total 32.4 Mb. In contrast, 2138 
blocks, which is 52% of all blocks, contain 
less than three SNPs per block and make up 
only 20% of the physical length of the chro- 
mosome. The largest block contains 114 
common SNPs and spans 115 kb of genomic 
DNA. Over all the average physical size of a 
block is 7.8 kb. The size of a block is not 
correlated with its order on the chromosome, 
and large blocks are interspersed with small 
blocks along the length of the chromosome. 

firied by 26 common 
SNPs spanning 19 kb of genomic DNA. Of the seven different haplotype patterns represented in the 
sample, the four most common patterns include 16 of the 20 chromosomes sampled (i.e., 80% of 
the sample). The blue and yellow circles indicate the allele patterns of two SNPs, whith unam- 
biguously distinguish the four common haplotypes in this block 

are the 24,047 SNPs with present more than once in the sample of 20 chromosomC. All bases are the 
,of 20 chromosomes used 32,397,439 bases of finished chromosome 21 genomic DNA sequence which 
haplotypes in each block were the basis of this study. 

Common 
SNPslblock 

No. of 
blocks 

Avg. .rr 
(x104) 

Avg. 
sizelblock 

(kb) 

Avg. no 
common 

haplotypes/block 

All 
blocks 
(%I 

Common 
SNPs 
(%I 

% of all 
bases 

% of all 
exonic 
bases 

>10 589 8.27 23.90 3.75 14.2 56.8 43.5 33.80 
3 to 10 1408 6.48 8.52 2.92 34.1 i0.,7 37.0 45.20 

<3 2138 6.26 2.96 2.30 51.7 12.4 19.5 20.90 
Total 41 35 7.23 7.83 2.72 100.0 106.0 100.0 100.0 
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On average, there are 2.7 common haplotypes 
per block, defined as haplotypes that are ob- 
served on multiple chromosomes. The most 
frequent haplotype in a block is represented 
by 9.6 chromosomes of the 20 in our sample, 
the second most frequent haplotype is repre- 
sented by 4.2 chromosomes, and the third 
most frequetit haplotype, if present, is repre- 
sented by 2.1 chromosomes. It is remarkable 
that such a large fraction of globally diverse 
chromosomes are represented by such limited 
haplotype diversity. Our findings are consis- 
tent with the observation that when haplotype 
frequency is considered, 82% of the haplo- 
types observed in a collection of 3 13 human 
genes are observed in all ethnic groups, 
whereas only 8% of haplotypes are popula- 
tion-specific (18). 

We performed several experiments to 
measure the influence of parameters of the 
haplotype algorithm on the resulting block 
patterns. We varied the fraction of chromo- 
somes required to be covered by common 
haplotypes, from our original SO%, to 70 and 
90%. As would be expected, changing the 
algorithm to require more complete coverage 
results in somewhat larger numbers of shorter 
blocks [Web table 2 (26)l. Using only the 
16,503 SNPs with a minor allele frequency of 
at least 20% in our sample resulted in some- 
what longer blocks, but the numbers of SNPs 
per block did not change significantly [Web 
table 3 (26)l. For one region of about 3 Mb, 
we analyzed a larger sample of 38 chromo- 
somes for SNPs and common haplotype 
blocks with at least 10% frequency to be 
comparable to our 20-chromosome analysis. 
The resulting distribution of block sizes 
closely matched our original results [Web 
table 4 (26)l. We also performed a random- 
ization test in which the nonambiguous al- 
leles at each SNP were permuted and then 
used for haplotype block discovery. In this 
analysis, 94% of blocks contained fewer than 
three SNPs, and only one block contained 
more than five SNPs (Web table 2). This 
confirms that the larger blocks we see in our 

original data cannot be produced by chance 
associations nor can they be artifacts of our 
block selection algorithm. 

In an effort to determine whether genes 
were proportionately represented in both 
large and small blocks, we determined the 
number of exonic bases in blocks containing 
>10 SNPs, 3 to 10 SNPs, and <3 SNPs 
(Table 1). Exonic bases are somewhat over- 
represented as compared to total bases in 
blocks containing 3 to 10 SNPs (P < 0.05, as 
determined by a permutation test). 

On the basis of known haplotype structure 
within blocks, we can select subsets of the 
24,047 common SNPs to capture any desired 
fraction of the common haplotype informa- 
tion. We define common haplotype informa- 
tion as complete information for haplotypes 
that are present more than once and include 
more than 80% of the sample across the 
entire 32.4 Mb (Fig. 3). For example, a min- 
imum of 4563 SNPs are required to capture 
all the common haplotype information, but 
only 2793 SNPs are required to capture the 
common haplotype information in blocks 
containing three or more SNPs, which cover 
81% of the 32.4 Mb. A total of 1794 SNPs 
are required to capture all the common hap- 
lotype information in genic DNA, represent- 
ing approximately 220 distinct genes. 

Our results have particular relevance for 
whole-genome association studies mapping 
common disease genes. This approach relies 
on the hypothesis that common genetic vari- 
ants are responsible for susceptibility to com- 
mon diseases (27, 28). By comparing the 
frequency of genetic variants in unrelated 
cases and controls, genetic association stud- 
ies can identify specific haplotypes in the 
human genome that play important roles in 
disease. Although this approach has been 
used to successfully associate candidate 
genes with disease (29), the recent availabil- 
ity of the human DNA sequence offers the 
possibility of surveying the entire genome, 
dramatically increasing the power of genetic 
association analysis (30). A major limitation 

Fig. 3. The number of SNPs required to .,,.. ". .-.... . . ... ... .. -. 
capture the common haplotype infor- 1.0 ..,,. _..._ ....... ....,....... .t_. - 
mation for 32.4 Mb of chromosome 21. 
For each SNP block, we determine the ,, 
minimum number of SNPs required to 
unambiguously distinguish haplotypes 
in that block which are present more 0.6 

than once (i.e., common haplotype in- 
formation). These SNPs provide com- o,4 
mon haplotype information for the " 
fraction of the total physical distance 
defined by that block. Beginning with O.' 

... .. . Genic bases 
the SNPs that provide common haplo- -AII bases 
type information for the greatest phys- 0.0 

ical distance, the cumulative increase in o iwo 2000 3000 4000 

physical coverage (i.e., fraction covered) SNPS required 

is plotted relative to the number of 
SNPs added (i.e., SNPs required). Genic DNA includes all genomic DNA beginning 10 kb 5' to the 
first exon of each known chromosome 21 gene and extending 10 kb 3' to the last exon of that gene. 

to the implementation of this method has 
been lack of knowledge of the haplotype 
structure of the human genome, which is 
required in order to select the appropriate 
genetic variants for analysis. The unpredict- 
able nature of the haplotype structure in any 
particular genomic region demands a com- 
prehensive, empirical approach. Our results 
demonstrate that high-density oligonucleo- 
tide arrays in combination with somatic cell 
genetic sample preparation provide a high- 
resolution approach to empirically define the 
common haplotype structure of the human 
genome. Although the length of genomic re- 
gions with a simple haplotype structure is 
extremely variable, a dense set of common 
SNPs enables our systematic approach to de- 
fine blocks of the human genome in which 
80% of the global human population is de- 
scribed by only three common haplotypes. In 
general, when applying our particular algo- 
rithm, the most common haplotype in any 
block is found in 50% of individuals, the 
second most common in 25% of individuals, 
and the third most common in 12.5% of 
individuals. It is important to note that blocks 
are defined based on their genetic informa- 
tion content and not on knowledge of how 
this information originated or why it exists. 
As such, blocks do not have absolute bound- 
aries and may be defined in different ways, 
depending on the specific application. Our 
algorithm provides only one of many possible 
approaches. Our results indicate that a very 
dense set of SNPs is required to capture all 
the common haplotype information. Once in 
hand, however, this information can be used 
to identify much smaller subsets of SNPs 
useful for comprehensive whole-genome as- 
sociation studies. 
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quence with a minimal overlap between adjacent 
amplicons. LR-PCR reactions were performed using 
the Expand Long Template PCR Kit (Roche Bio- 
sciences, Palo Alto, CA) with minor modifications. 

13. LR-PCR targets were prepared as previously described 
with some modifications (7). For each wafer hybrid- 
ization, corresponding LR-PCR products were pooled 
and purified using Qiagen tip 500 (Qiagen, Valencia, 
CA). A total of 280 pg of purified DNA was frag- 
mented using 37 p I  of 10X One-Phor-All buffer PLUS 
(Promega, Madison, WI) and 1 unit of DNAase (Life 
Technolgies/lnvitrogen, Carlsbad, CA) in 370 WItotal 
volume at 37°C for 10 min, which was then heat- 
inactivated at 99°C for 10 min. The fragmented 
products were end labeled using 500 units of Tdt 
(Boehringer Manheim) and 20 nmoles of biotin-N6- 
ddATP (DuPont NEN, Boston, MA) at 37°C for 90 min 
and heat inactivated at 95°C for 10 min. The labeled 
samples were hybridized to the wafers in 10 mM 
tris-HCL (pH 8), 3 M tetramethylammonium chlo- 
ride, 0.01% Tx-100, 10 ~ ~ g / m l  denatured herring 
sperm DNA in a total volume of 14 ml per wafer at 
50°C for 14 to 16 hours. The wafers were rinsed 
briefly in 4 x  SSPE, washed three times in 6X SSPE 
for 10 min each, and stained with streptavidin R- 
phycoerythrin (SAPE; 5 nglml) at room temperature 
for 10 min. The signal was amplified by staining with 
an antibody against streptavidin (1.25 nglml) and by 
repeating the staining step with SAPE. The wafers 
were scanned using a custom-built confocal scanner. 

14. A combination of previously described algorithms (7). 
was used to detect SNPs based on altered hybridiza- 
tion patterns. 
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proximately 20% of all bases give consistently 
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al., Nature 407, 513 (2000)]. The power to discov- 
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With the draft sequence of the human genome available, there is a need to 
better define gene function in the context of systems biology. We studied 239 
cardiovascular and renal phenotypes in 113 male rats derived from an F, 
intercross and mapped 81 of these traits onto the genome. Aggregates of traits 
were identified on chromosomes 1, 2, 7, and 18. Systems biology was assessed 
by examining patterns of correlations ("physiological profiles") that can be used 
for gene hunting, mechanism-based physiological studies, and, with compar- 
ative genomics, translating these data to the human genome. 

Genetic studies of multifactorial disorders in A comprehensive genetic linkage map of 
human populations remain challenging due to 239 "likely determinant phenotypes" of blood 
the modest nature of gene effects and the pressure was first developed (7) using a total 
heterogeneity of patient populations. The dif- genome scan with a -10-cM interval be- 
ficulties investigators face in identifying tween markers to produce a detailed system 
QTLs in multifactorial diseases have become biology map (6). Many of the quantitative 
apparent from the results obtained from re- trait loci (QTLs) for blood pressure aggregate 
cent total genome scans for asthma (I), hy- (six or more QTLs with overlapping 95% 
pertension (2, 3), NIDDM (4),  and IDDM (5) confidence intervals) in discrete regions on 
in diverse human populations. Hypertension rat chromosomes 1, 2, 7, and 18 (Fig. 1) (6). 
is one such multifactorial disorder that devel- In four of these five aggregates, the pheno- 
ops as a consequence of an "error" in the types were independent, indicating that the 
complex and redundant biological systems cluster of traits is likely to be the result of 
that determine blood pressure. The present separate genes rather than pleiotropy. In the 
manuscript describes the results of studies in fifth set, on chromosome 18, significant cor- 
which 239 phenotypes in each animal have relations were found among the phenotypes 
been analyzed (i) to develop a model of the that could be divided into three functional 
systems biology of the rat for renal, vascular, groups, i.e., vascular reactivity, plasma lipid 
and neurohumoral function; (ii) to develop a concentrations, and renal function, suggest- 
correlational physiological model of the rela- ing a functional genes cassette, as has been 
tionships among these phenotypes; and (iii) observed for QTLs in agriculture (8 )  and 
to develop bioinformatic tools to link the biomedical research (9-11). 
genetic model and the physiological model. To date, the majority of genome wide 
The output for the linkage map and use of the scans searching for the genetic basis of hy- 
physiological profiling tool can be found at pertension in rats have focused on a limited 
( 6 ) .  number of phenotypes, typically blood pres- 

sure and heart rate. The results of these stud- 

'Department of Physiology, 2Bioinformatics Research ies have identified QTLs On every rat 
Center. and 3Human and Molecular Genetics Center. chromosome, with loci confirmed on chro- 
~ e d i c a lCollege of Wisconsin, 8701 Watertown plank mosomes 1, 2, 3, 5, 10, and 13 (12). Unfor- 
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Road, ~i lwaukee, WI 53226-0509, USA. 4Case West- tunately none of these have been translated 
ern Reserve University, Cleveland, OH 44106, USA. into genes' The need for improvedSThe Jackson Laboratory, Bar Harbor, ME 04609, USA. 
6 H a ~ a r dSchool of Public Health. Boston. MA 021 15, including better phenotypes, to identify the 
USA. genes responsible for these QTLs has been 
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