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Independent determination of both haplotype sequences of an individual genome is essential to relate genetic variation to
genome function, phenotype, and disease. To address the importance of phase, we have generated the most complete
haplotype-resolved genome to date, “Max Planck One” (MP1), by fosmid pool-based next generation sequencing. Vir-
tually all SNPs (>99%) and 80,000 indels were phased into haploid sequences of up to 6.3 Mb (N50 ~I Mb). The
completeness of phasing allowed determination of the concrete molecular haplotype pairs for the vast majority of genes
(81%) including potential regulatory sequences, of which >20% were found to be constituted by two different molecular
forms. A subset of 159 genes with potentially severe mutations in either cis or trans configurations exemplified in particular
the role of phase for gene function, disease, and clinical interpretation of personal genomes (e.g., BRCAI). Extended ge-
nomic regions harboring manifold combinations of physically and/or functionally related genes and regulatory elements
were resolved into their underlying “haploid landscapes,” which may define the functional genome. Moreover, the ma-
jority of genes and functional sequences were found to contain individual or rare SNPs, which cannot be phased from
population data alone, emphasizing the importance of molecular phasing for characterizing a genome in its molecular
individuality. Our work provides the foundation to understand that the distinction of molecular haplotypes is essential to
resolve the (inherently individual) biology of genes, genomes, and disease, establishing a reference point for “phase-

sensitive” personal genomics. MPI’s annotated haploid genomes are available as a public resource.

[Supplemental material is available for this article.]

A central goal in biology and medicine is to understand individual
genomes, their variation, and how it translates to organismal
function, phenotype, and disease. Such knowledge will advance
our insights into human individuality and prepare the ground for
personalized medicine. Toward this goal, firstly, all existing vari-
ants in an individual must be catalogued, including particularly
the rare and private ones (Durbin et al. 2010). Secondly, the phase
of all variants must be known, that is, their organization into
haplotypes, defined as the specific combinations of variants on
each of the two chromosomes. Human individuals are diploid,
and have about four million genetic variants on average (Durbin
et al. 2010). Thus, any genes or noncoding functional sequences
constituted by two homologous chromosomes can be genetically
very different. Whether variant alleles reside on the same chro-
mosome (in cis), or on opposite chromosomes (in trans), is key to
understanding their impact on gene function and phenotype.
Benzer (1957) demonstrated that different configurations of mu-
tations result in different phenotypes: Two null mutations in cis
left the second allele intact, but when in trans, no functional form
of the gene was present. Cis versus trans configurations between
mutations in cell essential genes and tumor suppressor genes, even
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megabases (Mb) apart, have been shown to result in profound al-
terations of cancer phenotype, spectrum, and progression (Biggs
et al. 2003; Wang et al. 2010). Thus, identical genotypes may, de-
pending on their phase, involve different clinical interpretations
of potentially tremendous personal impact. Moreover, allele-specific
expression (ASE) has been found common among autosomal genes
(Knight 2004; Palacios et al. 2009) and related to a spectrum of
diseases (de la Chapelle 2009) including cancer (Chen et al. 2008;
Valle et al. 2008) and neurodevelopmental disorders (Chamberlain
and Lalande 2010). This indicates the global importance of mo-
lecular diplotypes for the biology of genes and genomes, pheno-
type, and health and disease. A functional interpretation of phase
information has been proposed earlier (Hoehe et al. 2000; Hoehe
2003) and recently been increasingly recognized (Levy et al. 2007;
Tewhey et al. 2011). Ultimately, genetic variation can only be un-
derstood from phase.

However, human genome sequencing has for the most part
been “phase-insensitive,” that is, generating “haploid composites”
(Lander et al. 2001; Venter et al. 2001), partly because molecular
genetic techniques to separate haplotypes have remained too cost
and labor intensive, restricted in resolution, or not easily scalable
to whole genome analysis (Zhang et al. 2006; Ma et al. 2010).
Therefore, haplotypes are commonly inferred from population
genotypic data by statistical methods (Stephens and Donnelly
2003; Scheet and Stephens 2006). Yet, even the presently most
advanced resequencing-based population data source (Durbin
et al. 2010) cannot predict the phase of rare or individual-specific
variants, which potentially play an important role in complex
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human disease and individualized medicine (Cirulli and Goldstein
2010; McClellan and King 2010). Recently, whole genome se-
quencing-based approaches have been undertaken to haplotype-
resolve individual genomes (Levy et al. 2007; Wang et al. 2008;
McKernan et al. 2009; Kitzman et al. 2011) but remain restricted
in extent and scope.

In this work, we aimed to perform a first systematic and
comprehensive assessment of individual molecular haplotype ar-
chitecture as it constitutes the biology of genes and the genome in
a diploid human. To this end we haplotype-resolved a European
individual, “Max Planck One” (MP1), to an extremely high degree
of completeness, exceeding previous efforts in terms of both
numbers of variants and length of contigs phased (Levy et al. 2007;
Kitzman et al. 2011). We applied a fosmid pool-based next gener-
ation sequencing (NGS) approach developed in direct continua-
tion of our previously described fosmid pool-based molecular
haplotyping approach (Burgtotf et al. 2003); a similar method was
described recently (Kitzman et al. 2011). The completeness of our
phasing allowed determination of the molecular haplotype pairs
for 81% of all autosomal protein-coding genes including upstream
sequences of up to ~5.7 Mb in length. It also allowed entire ge-
nomic regions to be separated into their underlying “haploid
landscapes” extending up to ~6.3 Mb. The diplotypic nature of
genes, upstream and coding sequences, and extended genomic
regions was seen to be both substantial and global. This highlights
the importance of phase for genome biology in defining the
functionally active transcriptome and ultimately proteome, and
the indispensability of phase information for personal genome
analysis. To gain first insights into the importance of phase for gene
function, disease predisposition and clinical applications, we iden-
tified and annotated a set of 159 genes with two or more potentially
significant protein-altering mutations in either cis or trans. To fur-
ther advance the field, we provide the annotated molecular haploid
genomes of MP1 as an easily browsable haplotype-resolved human
genome reference sequence to the scientific community.

Results

Fosmid pool-based and whole genome NGS input data

Our fosmid pool-based NGS approach to haplotype-resolve the
genome of MP1 is outlined in detail in Methods and Supplemental
Figure S1. The principle of this method relies on the fact that se-
quencing of an individual fosmid produces a haploid 40-kb seg-
ment of the genome and that multiple fosmids can be pooled and
sequenced together without significantly affecting the haploid
nature of the output (Fig. 1A; Burgtorf et al. 2003). Sequencing
multiple pools leads to increasing saturation of molecular haplo-
type sequences across the entire genome (Fig. 1B). Haplotype-in-
formative, heterozygous positions within the genome are used to
tile the haploid fosmids by allelic identity into long contiguous
haploid sequences. Individual MP1 was from “PopGen” (http://
www.popgen.de/), a population genetics research project to study
the genetics of complex diseases (see Methods). He was recruited as
part of the population representative control cohort, for which
Affymetrix 1000K genotypic data were generated. Specifically, MP1
represents the first of 100 PopGen individuals from whom we
established a “Haploid Reference Resource” of 100 fosmid libraries,
formatted into 288 pools of ~5000 fosmids each (Burgtorf et al.
2003). We have analyzed MP1’s molecular haplotype architecture
as a starting point and important reference for population level
and disease studies.

Based on estimated genome coverage (Supplemental Table
S1), we sequenced 67 super-pools of ~15,000 fosmids from MP1’s
fosmid library using the ABI (Life Technologies) SOLiD platform
(see Methods); 142 Gb of uniquely mapped sequence data were
produced (Supplemental Table S2) corresponding to a genome
coverage of 47X, with 98.1% of autosomes covered =5X. The ge-
nomic positions of fosmids in each pool were detected by read
coverage (see Methods). In total, 1.16 million phase-informative
fosmids were detected and found distributed almost equally be-
tween the two haplotypes on each autosome (3.3% difference on
average), ensuring equally robust phasing for each chromosomal
haplotype. Each haplotype was physically covered by 6.38 fosmids
on average; the corresponding read coverage was 25.1X (Supple-
mental Table S3). In addition to the fosmid pools, the “mixed
diploid” DNA of MP1 was sequenced to 30X to control for het-
erozygote detection and cloning bias. Genetic variants were called
and allele calls verified on haploid fosmid sequence data (see
Methods). False positive and negative rates for SNP detection were
0.08% and 2.36%, respectively, as determined by cross-validation
to Affymetrix 1000K genotyping data (Supplemental Table S4).
Almost 90% of heterozygous positions were covered by fosmid
sequences from both alleles. Only a small percentage of SNP calls
(1.31% on average) were found to be heterozygous within each
pool, confirming that fosmid pools contain very few comple-
mentary segments from both chromosome copies, as expected. For
whole genome phasing, we used a specifically designed heuristic
algorithm called RefHap (Duitama et al. 2010). Compared to other
Single Individual Haplotyping algorithms, including those used by
Kitzman et al. (2011) and Levy et al. (2007), ReFHap yields the best
compromise between accuracy, completeness, and computational
resources (Methods; Supplemental Fig. S3; Supplemental Table S5;
J Duitama, GK McEwen, T Huebsch, S Palczewski, S Schulz, K
Verstrepen, E-K Suk, MR Hoehe, in prep.). The power of fosmid-
based phasing over haplotype assembly from paired-end “mixed
diploid” NGS data (McKernan et al. 2009) was evident when di-
rectly comparing phase information obtained from MP1 for the
same amount of read data (Methods; Supplemental Table S6).

A German genome and its genetic variation

The genome of MP1 comprised 3,258,774 SNPs, of which 258,195
(8%) were novel as compared to dbSNP129 and 1000 Genomes
data (Supplemental Table S7). In addition, 221,984 structural var-
iants (SVs) inserting or deleting up to ~1-kb DNA sequence and
148 copy number variants (CNVs) were identified (Supplemental
Table S7). MP1’s variation profile is generally consistent with Eu-
ropean ancestry including the genomes of Watson (Wheeler et al.
2008) and Venter (Levy et al. 2007) (Supplemental Table S8). More
than one third of all SNPs (1,130,306) were located within genes,
and of those, 21,966 SNPs were in coding exons. Approximately
half (10,735) resulted in nonsynonymous amino acid (AA) ex-
changes including 154 stop mutations. Screening MP1’s genome for
potential disease risk variants identified 1677 nonsynonymous,
potentially damaging SNPs (14% novel) as predicted by PolyPhen-2
(Adzhubei et al. 2010) and 691 known disease alleles, predom-
inantly coding SNPs, uncovered by use of Trait-o-matic (Ashley
et al. 2010) (http://snp.med.harvard.edu). In addition, 1429 GWA
SNPs were detected. We found 178,616 SNPs in noncoding regions
up to 10 kb upstream of genes and 6599 in conserved TFBS. Im-
portantly, about two thirds of all variants, 2,050,124 SNPs (239,012
novel), 134,555 small indels, and 739 large indels were heterozy-
gous and therefore informative for phasing.
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NGS of single and multiple fosmid pools: whole genome coverage. (A) Sequencing a pool of 15,000 fosmids covers ~15% of the genome.

The probability that complementary haplotypes may co-occur within a poolis P< 0.0112, resulting in only a small percentage (1%-2%) of variants likely to
be covered by fosmids from both haplotypes. The insert shows a specific example of 19 fosmids detected in the MHC region, concordant with the
expected number of fosmids. (B) Additional sequencing of fosmid pools (coverage shown for 32 pools) results in increasing fosmid clone coverage and
saturation with molecular haplotype sequence coverage across the entire genome. As shown by simulation, low coverage regions are primarily explained

by limitations inherent in short read mapping (Supplemental Fig. $2).

A comprehensively molecular haplotype-resolved
individual genome

MP1 represents the most comprehensively haplotype-resolved hu-
man genome to date, with >90% (2.4 Gb) of the autosomal genome
phased (Table 1). MP1’s two haploid genomes were assembled into
6277 contiguous haploid sequences extending up to ~6.25 Mb,
with an N50 length close to 1 Mb (Fig. 2A). This is substantially
(~2.5-fold) longer than described in previous reports (Levy et al.
2007; Kidd et al. 2008; Kitzman et al. 2011) and exceeds the av-
erage length of common haplotype blocks in the HapMap-CEU
panel (International HapMap Consortium 2007) by a factor of 50.
We have anchored the phased haploid sequences within each

chromosome (see Methods) to provide long range chromosomal
haplotypes. Less than 5% of MP1’s genome (134.4 Mb) could
not be phased due to 2222 regions of homozygosity exceeding
40 kb, the size of a fosmid. The completeness of whole ge-
nome haplotype-resolution in MP1 is reflected by the fact that
phase context was determined for virtually all SNPs (3,033,433)
including >99% (1,986,791) of heterozygous ones (Table 1).
Moreover, 132 large and ~80,000 small indels were haplotype-
resolved, making this the most complete report of integrating
both SNPs and SVs into phase; these results are expected to im-
prove with further development of the phasing algorithm. The
maximum number of variants contained in a single haploid
segment was 9179, and up to 113 genes were phased in a single
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Table 1. Whole genome molecular phasing results for MP1

Molecularly phased contigs Phased variants
Number Bases in phased % total N50 length Max contig Het small Het large
Chr contigs contigs phased?® (bp) length (bp) Het SNPs All SNPs® indels indels
1 596 200,342,933 89.0 889,105 6,249,864 154,182 236,697 6,428 7
2 612 210,496,503 88.5 810,650 4,474,502 161,017 246,017 6,456 8
3 456 173,966,769 89.3 939,131 3,715,244 135,369 210,004 5,515 11
4 453 168,535,890 89.9 961,091 3,898,251 141,335 221,399 5,627 7
5 447 157,534,956 88.6 842,642 4,299,756 117,067 182,209 4,975 8
6 363 150,634,170 90.0 1,187,881 3,265,727 127,365 193,528 5,515 7
7 388 139,561,617 90.0 912,093 3,744,176 119,699 178,131 4,526 10
8 329 128,754,425 90.2 835,749 4,253,814 103,389 159,434 4,037 7
9 339 104,142,686 86.6 860,007 3,579,191 89,212 135,620 3,309 8
10 297 118,082,929 89.7 904,350 4,211,005 101,740 156,053 4,265 6
1 292 120,566,814 91.9 913,331 4,108,344 103,150 158,169 4,139 10
12 320 118,605,264 91.0 904,589 3,302,139 92,373 142,029 3,850 6
13 215 86,771,736 90.8 1,018,132 2,390,567 66,867 112,715 3,054 6
14 189 80,876,343 91.6 1,169,042 3,352,162 65,452 98,726 2,592 4
15 168 74,823,346 91.9 1,125,343 3,426,733 61,891 93,006 2,487 2
16 153 72,625,751 92.0 1,187,970 5,356,256 69,140 103,886 2,354 2
17 188 69,982,308 89.9 1,126,834 2,641,763 58,597 84,836 2,319 6
18 135 69,744,116 93.4 971,707 3,771,909 56,795 90,476 2,315 8
19 92 53,309,343 95.5 1,204,214 3,808,957 49,927 71,035 1,748 3
20 118 55,358,228 93.0 1,227,566 3,900,470 48,196 67,338 1,865 1
21 69 32,108,846 93.9 885,412 3,678,397 32,835 48,282 1,279 2
22 58 33,218,618 95.3 1,029,626 4,566,664 31,193 43,843 1,107 3
Total 6,277 2,420,043,591 90.2 959,175 6,249,864 1,986,791 3,033,433 79,762 132

Reference is NCBI Build 36.1 ungapped lengths. Only autosomes are phased because we sequenced a male individual.
PTotal number of phased heterozygous SNPs and homozygous nonreference SNPs within phased segments.

segment (3.8 Mb). Half of the variants were in phased contigs phasing was superior to statistical phasing both in terms of com-
containing =1045 variants. pleteness and accuracy. Discrepancies to statistical phase appeared

Importantly, we were able to phase >99% of the individual to be most pronounced in regions harboring particularly high
and rare SNPs of MP1, herein assessing an individual human ge- numbers of novel SNPs indicating that population-based methods
nome in its molecular individuality. Novel variants were found in cannot accurately resolve haplotypes of genomic regions where

almost 60% of the genes, and in 75% of
genes plus upstream regions, making the
majority of individual molecular haplo-
types unique. Over 50% of larger phased
regions >1 Mb in length contained novel
SNPs, and within such regions, a maxi-
mum of 26% of SNPs were novel. The
ability of assigning private or novel SNPs
to one of both haplotypes demonstrates
the power of fosmid-based, molecular
phasing over statistical approaches. For
comparison, we statistically inferred MP1’s
haplotypes, using data from the 1000
Genomes Project as the required sup-
plementary population data source (see
Methods). Whereas the (mainly) com-
mon SNPs that were shared between MP1
and 1000 Genomes data (82.9%) could be
phased statistically, 16.3% (323,180) of
all heterozygous, novel and individual
SNPs, remained unresolved (Fig. 3A; Sup-
plemental Table S9). Of the statistically
phased SNP positions, 6.4% were discor-
dant to molecularly phased haplotypes.
Comparison to HapMap-CEU trio-based
haplotypes (see Methods) confirmed the
accuracy of molecular phasing at these
positions (Fig. 3B). Thus, fosmid-based
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Figure 2. Length of phased blocks. (A) Weighted histogram of genome coverage. Each gray bar
shows summed length of genome covered per interval of contig size. Points show cumulative length of
genome covered with increasing contig size. (B) Histogram of lengths of phased upstream/downstream
regions from end of transcript to end of phased contigs, indicating the additional length of regions
containing phased variants which can be analyzed in conjunction with variants within the gene in
haploid context. Seventy-nine percent of genes had at least 10-kb phased upstream sequence.
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genes >400 kb up to ~2.1 Mb (Supple-
mental Table S10), such as the pharma-
cogenetically relevant ABCA13 trans-
porter gene (Supplemental Fig. S4A) or
numerous disease-related genes, such
as the schizophrenia-associated ALK
gene, which spans >700 kb and harbors
a wealth of SNPs, novel variants, and SVs
(Supplemental Fig. S4B). Moreover, with
up to 5.8-Mb up- and downstream phased
(Fig. 2B), genes can be analyzed in their
regulatory and larger functional contexts.
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Figure 3. Comparative evaluation of molecular vs. statistical phasing. (A) Stacked bar chart showing
haplotype agreement between molecular (MOL) and statistical (STAT) phasing (blue) and disagreement
(purple). A proportion of SNPs could only be phased molecularly (yellow) with <1% on average
remaining unphased (green). Analysis includes all autosomal heterozygous SNPs in MP1. (B) Box plot
showing concordance of MP1 molecular haplotypes (yellow) to the reference set of HapMap haplotypes
derived by trio-based phasing (20 individuals). Statistically derived haplotypes for MP1 (green) show

a lower concordance to HapMap haplotypes.

individual variation is high. For example, within a ~2.5-Mb region
of weak LD on chromosome 4q35.2 containing 2355 novel SNPs,
61% of all heterozygous SNPs remained statistically unphased.
Where alleles were phased, a 25% difference was observed to mo-
lecular phase. Indeed, the emerging picture of molecular haplotype
architecture being highly individual-specific underscores the im-
portance of molecular phasing to prepare the ground for valid
individual (diploid) functional genomics and medicine.

The completeness and extent of phasing allowed determi-
nation of the concrete molecular haplotype pairs for a total of
14,507 autosomal protein-coding genes (81%). These include long

This allows for instance examination of
specific molecular gene forms in relation
to their cis-regulatory elements or eQTLs
across Mb distances (Stranger et al. 2007;
Wray 2007; Epstein 2009; Visel et al.
2009; Teslovich et al. 2010). Approxi-
mately 90% of noncoding functional el-
ements and >5000 variable transcription
factor binding sites were contained in
phased sequence (Supplemental Table S11).
Moreover ~40% of genes and noncoding
functional elements were contained in
long phased segments >1 Mb, allowing
specific long range haplotypes in MP1 to
be discerned from the multifold possible
combinations of alleles. Both the critical
mass of genes phased in their entirety
including potential regulatory sequences
and the feasibility of exploring larger func-
tional entities represent a significant ad-
vance over previous efforts (Levy et al.
2007; Kidd et al. 2008; Kitzman et al.
2011). It prepared the ground to assess
and characterize an individual’s diplotype
(Tewhey et al. 2011), both at the level of
genes and the genome.

Molecular diplotypes constituting
the majority of 17,861 autosomal
protein-coding genes

At the DNA sequence level, the vast ma-
jority of genes and discrete functional
units contain at least one heterozygous
SNP and so have two different molecular
forms (Table 2A). The small proportion of
genes that were invariable between the
two homologous chromosomes (13.7%)
showed overrepresentation of GO ontol-
ogies for developmental processes (P < 1x107'%°), which is in ac-
cordance with their conservation. Over 77% of all genes in MP1
had two or more SNPs that could exist in either cis or frans con-
figurations and therefore required phasing to resolve their mo-
lecular diplotypes; we were able to phase ~84% of these. This
abundance of diplotypic gene regions increased when upstream
regions were included, rising to almost 90% (Table 2A). We were
able to determine the concrete molecular diplotypes for almost
all upstream sequences that required phasing (~70%) (Table 2A),
providing indispensable information to be able to dissect the
molecular basis of differential allelic expression, supposed to
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Table 2. Overview of molecular diplotypes in 17,861 autosomal protein-coding genes in MP1

(A) DNA sequence level

No. genes
containing =1
het SNPs? (%)

No. genes
containing =2
het SNPs® (%)

No. phased genes

containing =2
het SNPs€ (%)

Transcript + 10 kb upstream

containing novel SNPs
10kb upstream

containing novel SNPs
Transcript

containing novel SNPs
Coding exons

containing novel SNPs

17,043 (95.4)
13,281 (74.4)
14,902 (83.4)
7,016 (39.3)
15,413 (86.3)
10,355 (57.9)
8,733 (48.9)
2,405 (13.5)

16,052 (89.9)
12,830 (71.8)
12,474 (69.8)
6,018 (33.7)
13,822 (77.4)
9,834 (55.0)
5,760 (32.2)
1,182 (20.0)

13,318 (83.0)
10,348 (80.6)
12,034 (96.5)
6,001 (99.7)
11,603 (83.9)
9,047 (92.0)
5,200 (90.3)
1,037 (87.7)

mutations. We identified a subset of 171
genes that had two or more AA exchanges
predicted to alter the expressed protein in
MP1 (Table 2B). We were able to phase a
total of 159 genes (92.9%) (Supplemental
Table S13). The mutations were found to
exist in cis in 86, and in trans in 73 genes.
As outlined, cis configurations leave the
second protein intact and trans configu-
rations may affect structure and func-
tion of both proteins (Fig. 4). Protein-
truncating stop mutations, multiples of
which were observed in 15 genes, were
found three times as often in cis as in

(B) Protein level

trans, supporting this view.

No. proteins
containing =1
AA exchange (%)

No. proteins
containing =2

AA exchanges (%)

Among these 159 genes were many
zinc finger (C2H2-ZNFs) and olfactory
receptor (OR) genes. Members of some of
the largest mammalian gene families,

No. phased proteins
containing =2
AA exchanges (%)

Amino acid (AA) exchange 3,554 (19.9) 1,149 (6.4)
containing novel SNPs 813 (4.5) 337 (1.9)
Damaging AA exchanged 1,121 (6.3) 171 (0.9)
containing novel SNPs 344 (1.9) 61 (0.3)

1,308 (92.2) these genes were found to be significantly

308 (91.4) enriched even after correcting for the
159 (92.9) number of family members, e.g., by
56 (91.8)

Gene Set Enrichment Analysis (GSEA)

?All genes with different molecular haplotypes within the window of investigation.
bGenes with different molecular haplotypes within the window of investigation that require molecular

phasing.

% indicates percent of genes with =2 het SNPs that are entirely contained within phased sequence.

9As predicted by PolyPhen-2 (Adzhubei et al. 2010).

result from haplotypic combinations of multiple SNPs (Tao et al.
2006). Substantial fractions of diplotypes contained novel SNPs
(Table 2A), underscoring the need for molecular phasing.

Approximately 20% of all genes (3554) encoded two different
proteins, defined by presence of one nonsynonymous SNP causing
an AA exchange. About one third of those (1149) contained two or
more AA exchanges, which could exist in either cis or trans con-
figurations; over 92% of these were phased (Table 2B). A subset of
182 genes had five or more AA exchanges; these were found to be
overrepresented with GO ontologies for sensory perception (P <
2.7x10~'3) and neurological system processes (P < 1.0X1072). An
additional 138 genes contained multiple SVs in their coding se-
quences and therefore could also encode two different proteins
(Supplemental Table S12).

Given the ubiquity of regulatory, genic, and protein dip-
lotypes, multifold combinatorial possibilities encoding the diploid
state are conceivable (Supplemental Fig. S5). Where genes possess
two different proteins, diploid gene function may be further di-
versified by the presence of variants in potential regulatory regions
causing differential expression. Within the 10-kb upstream regions
for genes that encode two different proteins, >90% contained at
least one heterozygous SNP (maximum 182). This could affect
expression of either an altered or intact protein, or modify gene
dosage in case of a trans configuration. Examples of molecular
diplotypic configurations observed in MP1 are shown (Supple-
mental Fig. S6). Thus, determination of phase is key to characterize
and elucidate diploid gene function and dysfunction.

Importance of phase: cis and trans configurations
in biology and disease

Phase is most likely to impact gene function and phenotype within
genes that contain two or more potentially functionally significant

(Subramanian et al. 2005): for genes in-
volved in an “olfactory signaling path-
way” P < 6.68X107°% C2H2-ZNF genes
(genes in cytogenetic band chr19q13),
P <2.39x10~* (Supplemental Table S14).
Thus, these genes could serve as models
to explore the role of phase in exerting biological functions.
Zinc finger proteins are transcription factors, key regulators of
multiple cellular functions (Urrutia 2003). Mutations rendering
the protein dysfunctional (e.g., in the KRAB domain and in resi-
dues, which are important for protein structure formation and
DNA-binding) are exclusively found in cis, leaving one copy of
the gene intact. On the other hand, mutations within the DNA-
binding domain important for target recognition tend to reside in
trans, potentially allowing diversification of function (Supple-
mental Fig. S7A). Similarly, mutations in OR genes were mainly
located within the variable transmembrane domains that are im-
portant for ligand binding, a mechanism important in discrimina-
tion of different odors (Supplemental Fig. S7B). Potentially func-
tionally significant mutations tended to occur more frequently
in trans configurations (e.g., OR1A2). Since OR genes are mono-
allelicly expressed (Breer 2003), human individuals seem to in-
crease the range of odors they can perceive by having two different
forms of the protein (Breer 2003). Expression of two different
molecular forms of the genes may enhance the repertoire of stim-
uli the receptors can detect. Such mechanisms of functional di-
versification could be advantageous from an evolutionary point of
view.

Moreover, among the 159 genes with two or more potentially
damaging mutations in either cis or trans configurations, more
than half (89) have been documented to play a role in disease and
pathophysiology; clinical relevance was collected from OMIM,
GWAs, and the program Trait-o-matic (Methods; Ashley et al.
2010). Individual MP1 carried his mutations in cis in 49 of these
disease-related genes, and in trans in 40 genes. The genes with
mutations in cis have been associated with a broad spectrum of
diseases including for instance breast and prostate cancer (BRCA1),
other cancers (TNRC6A, MLL3), and asthma (ILIRL1I) (Table 3; Fig.
4). Checking his record of ascertainment, at the age of 51, in-
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Examples of cis vs. trans configurations of potentially protein damaging mutations. Damaging mutations shown in pink. In cis (left), both

mutations reside on the same chromosome, thus the second protein is left intact, shown for the TNRC6A gene. Mutations of TNRC6A may contribute to
gastric and colorectal cancer development. In trans (right), multiple damaging mutations affect both haplotypes, shown for PABPCT which has been
associated with esophageal cancer progression and poor prognosis. Gene—gene interaction between TNRC6A and PABPCT seems to play a role in miRNA
silencing (Huntzinger et al. 2010), indicating global relevance of phase. All variants assigned to each of the two molecular haplotypes are shown, including
nonsynonymous SNPs which have no predicted damaging effect on the protein (amino acids in gray boxes).

dividual MP1 had no documented evidence of clinical disease or
pathology. Therefore, we were able to exclude any cis configuration
related to early onset diseases, particularly those with an autoso-
mal recessive mode of inheritance. Moreover, no late onset Men-
delian diseases were identified. The impact of mutations in cis on
complex phenotypes, however, remains to be discussed. The po-
tential clinical relevance of phase for prediction and prevention
can be illustrated in MP1 by the cancer-related gene BRCA1. Male
carriers of mutations are at increased risk of developing prostate
cancer (Mitra et al. 2011). However, MP1 has all BRCA1 mutations
in cis leaving one of the two gene forms intact, which could po-
tentially attenuate or eliminate harmful effects. Thus, the same
genotype may imply entirely different molecular and phenotypic
conditions depending on haplotype. Nevertheless, medical de-
cisions of vital importance are based on simple presence or absence
of mutations. Today, BRCA1 female mutation carriers often face
the stark prospect of preventive breast ablation. However, knowl-
edge of the underlying molecular haplotypes could redefine di-
agnosticrisk assessment and influence treatment decisions (Ashley
et al. 2010). For families inflicted with hereditary cancer, testing
a cis configuration of mutations in a gene could raise the hope of
transmitting an intact allele to a child. Thus, knowledge of hap-
lotype could change medical consequences entirely.

Trans configurations are more likely to cause phenotypic ef-
fects, as has for instance been observed for a small number of au-
tosomal recessive diseases known to be caused by compound het-
erozygote mutations (Tewhey et al. 2011). In trans, disease-related
genes included a broad spectrum of (mostly complex) disease
phenotypes (Supplemental Table S13), such as obesity (LEPR), familial
hypobetalipoproteinemia (APOB), warfarin sensitivity (CYP4F2), and
potential cancer protective genes (ITNFRSF10A, CDH11). At his age,

MP1 may still be at risk to develop any of the diseases listed in Table
3. We have extracted those genes that were related to complex
phenotypes and may cause symptoms in MP1 with progressing age
or under drug treatment and are therefore of higher relevance to
preventive care strategies for MP1 (Table 3). One such example of
potential clinical relevance in MP1 included two AA exchanges in
trans in CYP4F2 encoding a drug metabolizing enzyme, in addition
to a homozygous V433M mutation known to significantly in-
fluence warfarin metabolism (Caldwell et al. 2008). The mutations
in trans may exert an additional effect on CYP4F2 function, with
important implications for dosage requirement to prevent MP1
from severe side effects such as bleeding or thrombembolism in the
case of warfarin treatment.

Taken together, we provide a first globally collected repertoire
of potentially disease predisposing mutations as they exist in either
cis or trans configurations in MP1. Our results exemplify that
knowledge of phase may have far reaching clinical and personal
consequences but also indicate the tremendous complexities of
establishing genotype/haplotype-phenotype relationships. Ulti-
mately analyses will need to consider phased variants within
multiple genes and noncoding regions across large haploid land-
scapes to tackle the complex interactions that may drive the de-
velopment and expression of the phenotype.

Extended phase in the MHC region resolves haplotypes
of key clinical relevance

In this context, the ability to phase across the major-histocom-
patibility complex (MHC) extending over 4 Mb is of key clinical
and medical relevance. MHC possibly harbors the highest density
of disease genes in the human genome (Horton et al. 2008). In
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Table 3. Cis and trans configurations of potentially damaging mutations in disease-related genes

Phased Phased Damaging Novel
Gene 5’ (kb) 3’ (kb) amino acids SNPs Disease relevance
Cis BCLAF1 0 21 5 Cell death and transcriptional control
BRCA1 69 147 2 Breast cancer; prostate cancer
CES1 642 120 2 Carboxylesterase deficiency
CSPG4 0 0 3 3 Diagnostic and therapeutic target in tumor cell growth
ADHS; blepharospasm
FUT2 1,274 126 2 Crohn's disease; colitis ulcerosa
HIVEP1 523 140 2 Venous thrombosis risk
HMCN1 0 128 2 Age-related macular degeneration; diabetic nephropathy
ILTRLT 923 180 2 Asthma
ITGAE 179 250 2 Sarcoidosis
KIAA0564 318 164 2 1 Autism spectrum disorders; bipolar affective disorder
MLL3 1,652 0 6 2 Cancer
muci1z 61 120 3 1 Inflammatory bowel disease
NMUR2 609 468 2 Obesity
PER3 201 1,562 2 Bipolar disorder
RHPN2 0 135 2 1 Colorectal cancer
TNRC6A 2,795 2,465 2 1 Cancer
Trans ABCC11 12 36 2 Ear wax type

AKAP13 854 1,255 3 Familial breast cancer; high blood pressure
APOB 302 37 2 Familial hypercholesterolemia type B
BCL9 159 298 2 Schizophrenia risk
CDH11 0 2,456 2 1 Tumor marker; inflammatory bowel disease
CYP4F2 518 1,281 2 Warfarin sensitvitiy
DDX58 237 389 2 Viral infection
KCNJ18 745 242 4 3 Thyrotoxic periodic paralysis
KIAA1529 440 1,133 2 Behcet's disease
LEPR 303 1,221 2 Metabolic syndrome; obesity; breast cancer
NEFH 1,746 2,809 2 1 Sporadic amyotrophic lateral sclerosis; esophageal cancer
NLRP6 95 71 2 2 Apoptosis and inflammatory processes
PABPC1 882 89 3 2 Esophageal cancer
PARP4 785 483 2 1 Bladder cancer
PCNT 229 254 4 Dyslexia
TNFRSF10A 853 404 3 Lung cancer; colorectal liver metastasis

Selected genes with multiple damaging AA exchanges that may be of potential disease and pharmacogenomic relevance in MP1. This is an excerpt of

a full list of cis-trans configurations (Supplemental Table S13).

transplant medicine, being able to unambiguously determine the
highly variable HLA alleles and, in addition, their combined phase
across the MHC is of immediate medical relevance to a patient. As
has been demonstrated, transplantation outcome in HLA-identical
patients is critically impacted by the specific combination, or phase,
of multiple HLA alleles; nonmatching long-range MHC haplotypes
significantly increased the risk for severe graft-versus-host-disease
(GVHD) (Petersdorf et al. 2007). Thus, accurate phase information
allows identification of donor-recipient matches at high risk for
life-threatening transplant complications and, in addition, the de-
tection of novel genetic factors related to GvHD. However, long
range phasing of the MHC presents a particular challenge due to
abundant sequence variability, structural complexity, and large
distances between the HLA genes (Guo et al. 2006). In a first step, we
aimed to demonstrate validity of our extended MHC sequences
phased in MP1. Alignment of our haplotypes to the IMGT/HLA
database (http://www.ebi.ac.uk/imgt/hla) determined HLA alleles as
A*0301 and A*2501/2601, B*0702 and B*5101, DRB1*15 and
DRB1*11 (Methods; Supplemental Fig S8). These results were highly
concordant with the genomic four-digit HLA typing results avail-
able for MP1. We then compared our long-range MHC haplotypes
(the specific combinations of HLA alleles) to the known MHC
haplotype sequences (http://www.ucl.ac.uk/cancer/research-groups/
medical-genomics/past_projects/MHC.shtml) (see Methods). One of
the two MHC haplotypes in MP1 carried HLA alleles A*0301, B*0702,
and DRB1*15, a combination perfectly matching the homozygous

PGF haplotype (Supplemental Fig. S8). PGF, the so-called “ancestral
DR2 haplotype,” is one of the two most frequent long-range MHC
haplotypes in Europeans (10% frequency) with typically high link-
age of constituent HLA alleles, confirming our results. Substantial
genetic differences in the MHC region between HLA-identical “tis-
sue-matched” genomes have been found, pointing to the existence
of significant, yet unexplored, transplantation determinants poten-
tially linked to GvHD development (Proll et al. 2011) and a variety of
immunogenetic diseases. In this context, our work has made a first
important contribution by resolving the underlying haplotypes
across the MHC region for an individual human. Notably, among
MP1’s two extended MHC haplotypes, 10,079 genetic differences
(SNPs and indels) were found, including 221 novel heterozygous
SNPs, of relevance in tissue matching or disease.

Haploid landscapes: Toward “phase-sensitive”
functional genomics

The determination of contiguous molecular haplotype sequences
in the Mb range is crucial to translate individual genomic variation
into the functionally active proteome. Physically and/or func-
tionally related genes and regulatory elements, which can extend
over large distances, may represent functional entities that affect
gene expression in a coordinated way (Epstein 2009; Navratilova
and Becker 2009). Given the global nature of differences within
pairs of molecular haplotypes described above, it is therefore es-
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sential to determine the specific combinations of alleles that co-
occur on each of the two chromosomes (“haploid landscapes”), as
demonstrated in Figure 5. These constitute the concretely co-
expressed and interacting forms of the genes. We have character-
ized a subset of over 700 haploid landscapes >1 Mb (examples are
summarized in Supplemental Table S15). One such example con-
taining strikingly diverse features is a >3.8-Mb haplotype on chr.
19q13 (Supplemental Fig. S9A), which spans one of the most gene
dense regions in the human genome comprising the LRC/KIR
(killer cell immunoglobulin-like receptor) and numerous zinc fin-
ger (ZNF) genes; 95.6% of these genes (108) displayed different
molecular haplotypes, 22 of which had multiple protein-damaging
mutations in either cis or trans configurations. Prototypic exam-
ples of functionally co-regulated genes to be examined as a haploid
entity include the HOXA cluster, contained in an ~2-Mb haplo-
type on chr. 7 (Supplemental Fig. S9B), and a zinc finger cluster on
a 2.7-Mb haplotype on chr. 19. Co-regulation of numerous of these
functional units arrayed on the same chromosome may influence
downstream targets or functional cascades in a haplotype-specific
manner. Corresponding landscapes with particularly high dip-
lotypic diversity of regulatory sequences demonstrate the impor-
tance of phasing the entirety of functionally related alleles in
conjunction with their cis-regulatory elements (Supplemental
Fig. S9C,D; Epstein 2009). We provide the set of 700 long range

haplotypes >1 Mb (www.molgen.mpg.de/~genetic-variation/
MaxPlanckOneLandscapes) to the scientific community to further
study their particular regions of interest in phase context.

Further, with such extended phased sequences, the complete
set of existing individual variants (genic and noncoding func-
tional) that co-occur with a GWA marker on the same chromosome
can be examined to track the candidate causative variant(s). These
particularly also include the rare variants, which alternatively to
a common variant could explain association signals in common
disease (Dickson et al. 2010). We provide phase context in the Mb
range for a total of 1218 identified GWA signals associated with
a spectrum of important common diseases such as cancer and
metabolic disorders. Interesting examples of haploid landscapes of
genetic association, such as an ~1.8-Mb gene rich haplotype on
chr. 1 with a particularly high number of GWA signals, point to the
highly variable architectures of such associated regions (Supple-
mental Fig. S9E). This example shows pronounced diplotypic di-
versity of contained features, with 63% of genes encoded by two
different molecular forms. Others are characterized for instance by
high proportions of novel SNPs (up to 26%) (Supplemental Table
S15).

To provide first insights into importance of phase for trans-
lation of genetic variation into the functionally active proteome
and functional genomics, we screened MP1’s genes that encoded
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Figure 5. Example of a 1.7-Mb haploid landscape of functional variation on chr. 19. Both molecular haplotypes are shown. Differences between the
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two are shown at the nucleotide level with bases in yellow = G, red =T, green = A, and blue = C, within framed bars (centered). Novel SNPs are assigned to
each of the two haplotypes. Regulatory motifs (TFBSs track) differ in one SNP. At the level of genome organization, genes that have two different molecular
haplotypes are shaded red or green per haplotype, and those encoding two differing proteins are highlighted and framed. Nonsynonymous mutations on
each haplotype are annotated (damaging AA exchanges [Adzhubei et al. 2010] in pink). Disease-related features (GWAS and OMIM) are shown in lower track.
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two different proteins, for potential interactions within the NCI
cancer-related pathways. Preliminary analyses were carried out for
3554 genes with at least one AA exchange (Supplemental Table
S$16) and 1149 genes with AA mutations in either cis or trans con-
figurations. One-hundred-seventy pathway interactions overlapped
with genes, that had at least one AA exchange, and 70 pathways
were affected by genes with multiple AA mutations (Supplemental
Table S17); 202 of these genes were found to co-occur with mul-
tiple other phased cis or trans genes within the same pathway.
Their functionality in such pathways and associated downstream
interactions may critically depend on the specific forms of the
proteins, or haplotypes involved (e.g., BRCA1) (Supplemental Fig.
$10). The many combinatorial possibilities illustrate the potential
importance of molecular diplotypes in diversification of gene and
organismal function and phenotype. Taken together, coherent
phasing of all potentially functionally active alleles and their reg-
ulatory environment is an indispensable prerequisite in functional
genomics.

“Max Planck One”: A browsable phased genome reference

The haploid genomes of MP1 are available as browsable tracks
available via the UCSC (http://www.molgen.mpg.de/~genetic-
variation/MaxPlanckOneUCSC) and Ensembl Genome Browsers
(http://www.ebi.ac.uk/das-srv/easydas/MP1/das/sources). The phased
variants have been annotated for their status of novelty (against
dbSNP129) and potential for being damaging (Adzhubei et al.
2010), and can be examined for each of the two haplotypes sepa-
rately. In addition, the input matrix used for fosmid-based phasing
by ReFHap, which can be used to check the phasing quality at any
particular locus, can also be downloaded (http://www.molgen.mpg.
de/~genetic-variation/MaxPlanckOneLandscapes/phasing_matrix.
tar.gz). Providing a browsable phased genome resource, where
haplotypic information can be viewed in context with additional
whole genome data, e.g., eQTLs, noncoding functional elements
or methylation, will allow the scientific community to further
study their genes or particular regions of interest in phase context.
This resource inherently includes a catalogue of the specific pairs
of haplotypes, or molecular diplotypic configurations, of protein-
coding genes in a human individual. This example of a reference
phased genome will help to advance the diploid biology of genes
and genomes and drive forward “phase-sensitive” approaches in
many other areas of “omics.”

Discussion

The prospects of experimental whole genome haplotyping have
recently captured increasing attention (Bansal et al. 2011; Fan et al.
2011; Kitzman et al. 2011). The need for phasing has been recog-
nized for a broad range of applications in human genetics. More-
over, the importance of phase for genome biology as a whole has
recently been increasingly emphasized (Hoehe 2003; Tewhey et al.
2011). Our work adds a major contribution by a first systematic
and comprehensive characterization of the molecular haplotype
architecture of an individual human genome. The diplotypic na-
ture of functional regions was a ubiquitous occurrence throughout
the genome, indicating indispensability of phase information to
be able to unravel the complexities of genome function. Concrete
and comprehensive knowledge of phase will advance new ap-
proaches, conceptually and experimentally, that will ultimately
lead to an improved understanding of the biology of genes, ge-
nomes, and disease.

The observation that the vast majority of genes exist as two
different molecular forms raises fundamental questions about the
nature of the relationship between these two and their role in
exerting “gene function.” Different scenarios of the nature and
mechanisms of dual gene action are conceivable, including pref-
erential allelic activity (Knight 2004; Palacios et al. 2009), syner-
gism, fail-safe systems, counteraction, complementation or com-
pensation. For example, differential expression of diplotypic genes
encoding two protein isoforms may be detrimental if a disease
protein is favored. When two different molecular forms of a re-
ceptor gene are co-expressed, this could broaden its response to
drugs or immune tolerance and thus confer functional adaptabil-
ity. Conventional single mutation testing models may no longer
apply to establish relationships between variation, structure, and
function of a diplotypic gene. It has been shown that functional or
therapeutic phenotypes cannot be predicted from single variants,
or the sum of single effects (Drysdale et al. 2000; Tao et al. 2006).
Hence, the functional characterization and annotation of “genes”
calls for novel experimental paradigms, using molecular haplo-
types in their entirety, and pairs thereof (Drysdale et al. 2000;
Hoehe et al. 2000), as the units of analysis. Our catalogue of mo-
lecular haplotypes, which includes many disease-related genes,
provides the required templates to test and generate hypotheses on
the dual nature of gene action.

From a broader perspective, the huge extent of molecular
diplotypic differences across extended haploid sequences repre-
senting complex and larger functional entities translates into
multilayered scenarios of “phase-driven” functional genomics. For
example, in MP1, a notable number of genes with two different
forms of coding haplotypes co-occurred in multiple disease-related
pathways. Their interaction has the potential to disrupt pathways
or impact entire downstream networks. In a positive sense they
may create biological subtleties in unimagined ways. The ability to
activate different haplotypic or diplotypic combinations of genes
and regulatory elements points to the high versatility of a diploid
genome, which may guarantee physiological resilience and is a rich
playground for evolutionary forces to create phenotype diversity.

Multiple phenomena including ASE and methylation, im-
printing effects, or dosage compensation testify to the “funda-
mental importance of diploidy in human biology” (Bansal et al.
2011). Overall, our results suggest that we must move from the
notion of disperse “allelic” phenomena to the conception of the
“molecular two-allele state” as a general foundational principle in
approaches to explain the complexities of genome function. These
inherently have a strong individual component. Sequencing-
based phasing approaches generate a genome in its molecular in-
dividuality, through the phase of all individual variants. We have
shown the importance of molecular phasing for the resolution of
novel variants. Thus, our approach also delivers critical infor-
mation on a pool of variants of importance for disease (Cirulli and
Goldstein 2010; McClellan and King 2010) and actionable in-
dividually tailored medicine. However, to translate haplotype-
resolved genomes into personalized genomics, phase-informed
data from all conceivable “omics” sources, e.g., RNA-seq, ChIP-seq,
or epigenomic methylation data, need to be integrated that
describe genome function at increasing levels of complexity
(Lunshof et al. 2010).

Knowledge of phase may be critical for clinical interpretation
of genome data as has been illustrated using BRCA1 as an example.
Nevertheless, medical measures seem yet “phase-insensitive”
(Diamandis et al. 2010; van El and Cornel 2011) and based on
genotypic data alone. To validate importance of phase information
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for genetic mutation testing, disease prediction, and prevention as
a working hypothesis, targeted studies of molecular phase in large
cohorts will be required. Furthermore, by determining and phasing
classical HLA alleles across the MHC region in MP1, we demonstrate
a key application of phase with immediate clinical relevance for
transplantation-related GvHD (Petersdorf et al. 2007). With >10,000
genetic differences between MP1’s two extended MHC haplotypes
identified, exploration of novel genetic determinants, for GvHD and
many other diseases, becomes now feasible. Although no obvious
haplotypes-phenotype relationship could be established in MP1,
this does not exclude the potential role of trans configurations in
disease-predisposing genes causing complex disease phenotypes at
a later age of onset. An emerging era at its earliest stage, the es-
tablishment of haplotype-phenotype relationships represents a
daunting challenge. It will require the analyses of haplotype-re-
solved genomes in larger numbers of cases and controls. In this
regard, our molecularly haplotype-resolved and well characterized
individual European genome provides a starting point for future
comparisons.

We are currently applying our approach to haplotype-resolve
whole genomes of many more individuals, which will allow our
findings to be consolidated and broaden the picture of the dip-
lotypic state and its role in relation to phenotype and disease.
Scalability and cost-effectiveness of our fosmid pool-based ap-
proach given (sequencing two haploid genomes per week, at costs
of under 6000 €), we can now explore molecular diversity not only
within, but also between individual genomes. Moreover, highly
complex genomes, for instance those of admixed individuals or
cancer genomes, can be resolved independently of any popula-
tion or parental information. Considering that fosmid pool-based
sequencing does not only phase rare or novel variants, but also
allows phasing of larger SVs, complex rearrangements or novel
sequences (Kidd et al. 2010), this will complement the compre-
hensive determination of an individual’s molecular haplotype ar-
chitecture. Taken together, our work sets a reference point for
“phase-sensitive” personal genomics. It will advance our un-
derstanding of diploid genome function and prepare the ground
for actionable personalized medicine to the benefit of each in-
dividual human.

Methods

MPI: Selection, characterization, research context

MP1 was ascertained as a proband, by random sampling, for a
population genetics research project conducted by the University
of Kiel (http://www.popgen.de/) in the area of Northern Schleswig-
Holstein (Germany). Probands were subjected to a clinical check-
up, and up to 250 different phenotypic items per sample including
demographic data collected. MP1 was at the time of ascertain-
ment 51 yr old, with the exception of medically treated arterial
hypertension, in good health, without pathologic findings in the
physical examination or routine laboratory check, and without a
history of severe diseases. Ethical guidelines for the PopGen bio-
bank do not permit a clinical follow-up of the proband. MP1 is part
of a “Haploid Reference Resource” of 100 fosmid libraries from 100
PopGen probands (40 males, 60 females, 50-71 yr), created for the
analysis of molecular haplotype architecture in a population as
areference for specific disease studies. Genotypic data generated by
Affymetrix 1000K typing were available for these 100 PopGen
probands and showed a strong correlation of >0.95 (LD) with the
HapMap-CEU samples. In addition, four-digit HLA-typing was
available for all 100 individuals.

A fosmid pool-based NGS approach to haplotype-resolve
whole genomes

We have established a fosmid pool-based approach to haplotype-
resolve whole genomes directly by NGS (Supplemental Fig. S1). A
similar method was recently described by Kitzman et al. (2011). (1)
We constructed a fosmid library containing ~1.44 million fosmid
clones from the genomic DNA of MP1, equivalent to 7X coverage
of each haploid genome. The fosmid library was formatted into
three 96-well plates, with each well comprising a “haploid clone
pool” (Burgtorf et al. 2003) of ~5000 fosmids (random mixtures of
40-kb haploid DNA segments), representing ~5% of the genome.
To increase throughput, three fosmid pools were combined into
working unit “super-pools” of ~15,000 fosmids. The probability
that complementary haplotypes may co-occur within a pool of
~15,000 fosmids is P < 0.0112. (2) We sequenced multiple super-
pools (67 in total) from this library using the SOLiD platform to
reach sufficient coverage of molecular haplotype sequences across
the entire genome. (3) For each pool separately, fosmids were
detected from read coverage. (4) Variants were called on combined
fosmid pools and on 30X genomic DNA to identify heterozygous,
haplotype-informative alleles for phasing. (5) Fosmids were then
tiled into contiguous molecular haplotype sequences based on
allelic identity at multiple heterozygous positions using ReFHap,
a heuristic phasing-algorithm similar to HapCUT (Bansal and
Bafna 2008), developed to specifically phase fosmid pool data
(Duitama et al. 2010). ReFHap performs consistently as accurately
as HapCUT but with a much faster running time (Supplemental
Table S7; Supplemental Fig. S3). RefHap constructs a graph that
enforces separation of fragments (fosmids) rather than variant loci;
this use of multiple variant loci makes the procedure robust com-
pared to single SNP-based phasing. Moreover, with each variant
position being covered by multiple fosmids from the same haplo-
type, potential SNP calling errors can be identified and compensated
for in subsequent phasing. Finally, we anchored the phased haploid
contigs onto their homologous autosomes (see below).

Fosmid library construction

Twenty micrograms of genomic DNA of MP1 was sheared to select
haploid DNA fragments of 40 kb on average. These fragments were
used to prepare a complex fosmid library using the Epicentre
EpiFOS Fosmid Library Production Kit as per standard protocol.
Phage particles, absorbing haploid ligation products, were used to
transform Epi100 cells, and the transfection titer determined. Mass
transfected Escherichia coli cells were aliquoted into three 96-deep-
well LB plates, such that each well contained a pool of ~5000
fosmid clones. In total, 288 pools were generated and stored as
glycerol-bacterial stocks to ensure long term availability. Com-
plexity and evenness of genome representation have been checked
by PCR of 10 different chromosomal loci in the entire fosmid li-
brary, which showed a good agreement to prior expectations. In
addition, we could confirm the library quality by retrospective
evaluation of our fosmid pool sequencing data. More detailed in-
formation is in Supplemental Methods.

SOLiD sequencing

Super-pools were barcoded and up to 16 multiplex sequenced in
a single flow cell with the SOLiD system (Supplemental Methods).
We prepared in total 158 sequencing libraries comprising 36 bar-
coded, 21 mate-paired, and 43 fragment libraries from the purified
fosmid pool DNA and a genomic DNA sample according to stan-
dard protocols for SOLiD sequencing. For barcoded and fragment
libraries, ~3 wg purified fosmid DNA was sheared, and 150-200-bp
size-selected DNA ligated to SOLiD adaptor sequences, containing
unique barcode identifiers and universal SOLiD priming sites. The
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final sequencing library was subjected to emulsion PCR for clonal
amplification of unique sequencing library molecules onto mag-
netic beads. Quality of generated templated beads (on-axis, P2:P1
ratio, satay plot) has been checked by WFA prior to full sequencing
of at most 650 million templated beads per slide (SOLiD V3+/V4).
For mate-pair libraries, DNA was sheared to targeted insert sizes (800
bp, 1.5 kb, 2.5 kb, 3.5 kb, 8 kb, and 10 kb) followed by a circulari-
zation step, read tag generation by enzymatic cutting, and adaptor
ligation as described above. Sequencing was carried out on 67
unique fosmid pools (~15,000 fosmids per pool) and, of these, mate-
pair sequencing was performed on 20 pools. Paired-end sequencing
(Life Technologies) has been performed for a subset of 16 fosmid
pools. For the genomic sample, we sequenced two mate-pair libraries
with an insert size of 1.5 kb and 2.0 kb, and performed paired-end
sequencing of the genomic sample to achieve a total 30X genome
coverage. More detailed information is in Supplemental Methods.

Fosmid detection

To detect the genomic positions of fosmids sequenced within
a pool, we mapped reads to the reference genome. SOLiD reads
were aligned to the reference genome (Hg18) with Bioscope 1.2
(www.solidsoftwaretools.com) using default parameters. The align-
ment algorithm mapreads uses a seed and extend approach similar
to BLAST. The reference (NCBI 36.6) was translated into color space
and reads aligned to this reference starting with short matches
(seed of 25 bases with two mismatches for 50-bp reads). The
alignment is extended in both directions with a mismatch penalty
of -2 and a matching score of +1 and the alignment with the
highest score is reported. PCR duplicates (read pairs that share
outer mapping coordinates) were marked.

To detect fosmids we used a sliding window approach to lo-
cate suitable length regions above a coverage threshold defined
dynamically based on the total number of mapped bases. Fosmids
were detected as ungapped contigs ranging from 3 to 45 kb. Due to
low complexity elements in the genome, some fosmids are com-
posed of two or more contigs. We finally ensured that predicted
fosmids do not span heterozygous SNP calls. More detailed in-
formation is in Supplemental Methods.

Variant detection

SNPs were identified with the diBayes SNP caller (http://
solidsoftwaretools.com/gf/project/dibayes) which is a Bayesian
algorithm that includes color space error detection. The algorithm
incorporates prior probabilities of heterozygosity, errors, and GC
content. Heterozygous SNPs are called from 30X genomic DNA,
and within each fosmid pool we verify that only one of the two
alleles is present at 5X average coverage (see Fosmid Detection).
DiBayes was used with a medium call stringency using default
parameters (McKernan et al. 2009). SNPs were further filtered by
eliminating calls based on reads with indels. Affymetrix 1000K SNP
genotyping data were used to validate the accuracy of the called
genotypes. SVs (small indels, large indels, and copy numbers) were
called with Bioscope 1.2 using mate-pair and paired-end reads as
described (McKernan et al. 2009). Candidate lists were combined
for each fosmid pool to generate a final evidence list for the subject.
Heterozygous indels were then phased using the information from
each fosmid pool and the genomic DNA.

Fosmid pool-based phasing

All haplotype-informative alleles were consolidated into an input
matrix, the basis for a heuristic phasing algorithm, RefHap, which
we specifically developed for fosmid pool data (Duitama et al.
2010). This algorithm builds a graph with a vertex for each fosmid
and an edge for each pair of fosmids sharing at least one SNP call,

and assigns weights to each edge consistent with the agreement
between the corresponding fosmids. This construction allows the
Single Individual Haplotyping problem to be reduced to the well
known Max-Cut problem allowing the haplotypes most consistent
with the cut obtained in the previous step to be detected. Fosmids
are thus separated and tiled into contiguous molecular haplotype
sequences based on their allelic identity at heterozygous positions.
Finally, we anchored the phased haploid contigs onto their ho-
mologous autosomes. For this, we used a genotypic data set ob-
tained by whole genome Affymetrix 1000K chip-based genotyping
of a total of 97 individuals from the same German reference cohort
(PopGen) to infer the common haplotypes (Stephens and Donnelly
2003; Scheet and Stephens 2006) which then served as anchor.
More detailed information on ReFHap is in Supplemental Methods.

Comparative evaluation molecular vs. statistical phasing

The program fastPHASE (Scheet and Stephens 2006) was used to
generate a statistical haplotype for our individual based on pop-
ulation data from the 1000 Genomes Project for 57 CEU samples
(ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/release/2009_04/). In or-
der to assess which phasing method produced the most accurate
haplotypes for MP1 we used publicly available haplotypes from
HapMap-CEU trios (International HapMap Consortium 2007)
containing ~380,000 SNPs as a reference for comparative evalua-
tion. For each pair of SNPs in high LD (D’ = 1), the phase of the
alleles between the two samples was compared and the number of
discordant positions counted. More detailed information is in
Supplemental Methods.

Comparison of fosmid pool-based vs. “mixed-diploid” phasing

The “mixed-diploid” phasing of MP1 was carried out on 30X ge-
nomic DNA as described in McKernan et al. (2009). The algorithm
constructs haplotype blocks from overlapping paired reads span-
ning at least two heterozygous SNPs. In order to make a fair com-
parison, the same amount of sequence data (30X) was used for
fosmid pool-based phasing. More detailed information is in Sup-
plemental Methods.

Biological analysis methods

RefSeq (Pruitt et al. 2005) genes were downloaded from the UCSC
table browser (Hg18). Only genes on chromosomes 1-22 were
considered. All alternative transcripts belonging to a gene were
merged and the coordinates defining this entire region used for
subsequent analysis, resulting in a final set of 17,861 genes. The
UCSC table browser was also used to download the following tracks:
OMIM, GWAS, Vista Enhancers, and conserved TFBSs. CNEs were
downloaded from the CONDOR Database (Woolfe et al. 2007). SNPs
were annotated using SeattleSeq Annotation (Build 5.02, http://
gvs.gs.washington.edu/SeattleSeqAnnotation). Polymorphism Phe-
notyping version 2 (PolyPhen-2) (Adzhubei et al. 2010) was used to
predict possible impact of an amino acid substitution on the
structure and function of a human protein. This program uses se-
quence-based and structure-based predictive features to determine
whether AA exchanges are likely to be damaging or not. We use the
HumVar trained version of PolyPhen-2 which includes disease-
causing mutations from UniProt. SNPs were filtered to retain only
nonsynonymous SNPs that occur within exons of the RefSeq gene
set. BEDTools (v2.7.1) (Quinlan and Hall 2010) was used to cal-
culate intersections between gene and SNP sets. Gene Ontologies
were checked using GOstat (Beissbarth and Speed 2004). Pathway
analysis was done using the NCI Nature Pathway Interaction Da-
tabase (Schaefer et al. 2009). We intersected 1149 genes with two or
more heterozygous coding SNPs and the NCI database, encom-
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passing cancer-related pathways, by using the batch query tool
(http://pid.nci.nih.gov/search/batch_query.shtml). Resulting path-
ways and interactions, which contained two or more of the cis-trans
genes, were used for illustration.

Data access

Short-read sequence data have been deposited at the European
Nucleotide Archive (ENA) under accession no. ERP000494. The
SNP genotype data for MP1 have been submitted to NCBI dbSNP
and will be available in dbSNP version B135. Data files can be
downloaded from http://www.molgen.mpg.de/~genetic-variation/
MaxPlanckOneData. A DAS source with annotation of the haplo-
types and phased variants is available under http://www.ebi.
ac.uk/das-srv/easydas/MP1/das/sources and can be integrated
into Ensembl. Haplotypes and haploid genomes are available in a
UCSC session at http://www.molgen.mpg.de/~genetic-variation/
MaxPlanckOneUCSC, and megabase-sized haploid landscapes
can be downloaded from http://www.molgen.mpg.de/~genetic-
variation/MaxPlanckOneLandscapes. The RefHap algorithm is
available to download from http://www.molgen.mpg.de/~genetic-
variation/SIH/Data/algorithms.
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