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•  Goal = push the envelope 
on technology for genomics 

•  No defining biological theme 
or model organism  

•  Coherence & synergies on 
methodological themes 
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Rewind	
  to	
  2008…	
  
	
   	
  	
  

•  Cost	
  of	
  human	
  genome	
  =	
  ~$250,000	
  
•  Technical	
  goal	
  =	
  exome	
  sequencing	
  (~1%)	
  

•  Still	
  not	
  entirely	
  clear	
  what	
  human	
  genome	
  
(or	
  exome)	
  sequencing	
  would	
  be	
  useful	
  for.	
  

•  How	
  do	
  you	
  learn	
  anything	
  from	
  a	
  small	
  
sample	
  size?	
  



TA Manolio et al. Nature 461, 747-753 (2009) doi:10.1038/nature08494 

Manolio	
  et	
  al.	
  (2009)	
  



•  Rare,	
  single	
  gene	
  diseases	
  
•  Monogenic	
  subsets	
  of	
  common	
  diseases	
  	
  

•  >2,000	
  solved	
  
•  >2,000	
  unsolved	
  	
  

Mendelian	
  disorders	
  



Lupski et al. 
NEJM (2010) 

How	
  does	
  
one	
  

pinpoint	
  
causal	
  

variants	
  in	
  
human	
  

genome(s)?	
  



1.	
  Sequence	
  exomes	
  of	
  four	
  unrelated	
  probands	
  
affected	
  with	
  a	
  dominant	
  Mendelian	
  disorder	
  

2.	
  Remove	
  “common”	
  variants	
  
• 	
  8	
  HapMap	
  ‘control’	
  exomes	
  
• 	
  public	
  SNP	
  databases	
   	
   	
   	
  	
  

3.	
  Find	
  genes	
  that	
  contain	
  “uncommon”	
  variants	
  in	
  
all	
  affected	
  individuals	
  

Ng et al. Nature (2009) 



Can	
  exome	
  sequencing	
  be	
  applied	
  to	
  iden*fy	
  the	
  
cause	
  of	
  a	
  Mendelian	
  disorder?	
  	
  

	
  
	
   1/1 2/2 3/3 4/4 
…any nsSNP, splice-site,  

or indel 
4,510 3,284 2,765 2,479 

…not in dbSNP 513 128 71 53 

…not in 8 HapMap exomes 799 168 53 21 

…not in either dbSNP or 8 
HapMap exomes 360 38 8 1 

MYH3 

Freeman-Sheldon probands 
How many genes in 

genome with…. 

Ng et al. Nature (2009) 



	
  
Postaxial	
  acrofacial	
  dysostosis	
  
	
  
Presumed	
  autosomal	
  recessive	
  
	
  
Sequenced	
  4	
  exomes	
  from	
  3	
  kindreds	
  
	
  
2	
  siblings	
  from	
  kindred	
  #1	
  also	
  had	
  CF-­‐like	
  lung	
  
phenotype	
  (but	
  not	
  in	
  other	
  Miller	
  cases)	
  

	
   	
  

	
  

	
  

	
  

	
  

	
  

Miller	
  syndrome	
  

Ng et al. Nature Genetics (2010) 



Exome	
  analysis	
  of	
  Miller	
  syndrome	
  	
  

1-A
 1-B
 1-A+B
 2/2
 3/3


…any 2 nsSNP, 
splice-site, or indel


2,789
 2,777
 2,278
 1,740
 1,461


…not in dbSNP 93
 80
 40
 16
 12


…not in 8 HapMap 
exomes 127
 120
 47
 8
 3


…not in either 
dbSNP or 8 

HapMap exomes 
31
 26
 8
 1!

DHODH!
1!

DHODH!

Ng et al. Nature Genetics (2010) 

How many genes 
in genome with… 



DHODH	
  =	
  dihydroorotate	
  dehydrogenase	
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inborn	
  error	
  of	
  	
  metabolism	
  
same	
  pathway	
  as	
  rudimentary	
  



What about the lung phenotype? 

Sibling	
  kindred	
  (only)	
  

Chronic	
  sinopulmonary	
  infections	
  (CF-­‐like)	
  	
  

Compound	
  heterozygotes	
  for	
  rare,	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
damaging	
  mutations	
  in	
  DNAH5	
  

Primary	
  cilliary	
  dyskinesia	
   	
   	
  	
  

Ng et al. Nature Genetics (2010) 



• Kabuki	
  syndrome	
  	
  

• Multiple	
  malformation	
  syndrome	
  

• Suspected	
  dominant	
  

• Originally	
  described	
  by	
  Niikawa	
  (1981)	
  

• Sequenced	
  exomes	
  of	
  10	
  probands	
  

	
   Ng et al. Nature Genetics (2010) 

It’s	
  not	
  always	
  that	
  easy…	
  



Exome	
  analysis	
  of	
  Kabuki	
  syndrome	
  	
  

5/5
 6/6
 7/7
 8/8
 9/9
 10/10

…any nsSNP, splice-

site, or indel
 2,028
 1,899
 1,772
 1,596
 1,524
 1,459


…not in dbSNP or 
1000 Genomes 63
 54
 42
 36
 35
 34


…not in 26 control 
exomes 44
 41
 35
 5
 5
 4


…not in either 
dbSNP, 1000G, or 

controls 
14
 11
 6
 1
 1
 1


How many genes 
in genome with… 

MUC16 = artifact! 



Why	
  didn’t	
  this	
  work?	
  

Genetic	
  heterogeneity?	
  
	
  
Undercalling	
  of	
  coding	
  variants?	
  

Causal	
  non-­‐coding	
  or	
  structural	
  variants?	
  
	
  
More	
  than	
  one	
  of	
  the	
  above?	
  

	
  



Exome	
  analysis	
  of	
  Kabuki	
  syndrome	
  	
  

5/10
 6/10
 7/10
 8/10
 9/10
 10/10


…any nsSNP, splice-
site, or indel
 5,289
 4,581
 3,940
 3,244
 2,486
 1,459


…not in dbSNP or 
1000 Genomes 288
 192
 128
 88
 60
 34


…not in 26 control 
exomes 311
 192
 124
 77
 36
 4


…not in either 
dbSNP, 1000G, or 

controls 
140
 69
 31
 14
 5
 1


How many genes 
in genome with… 

Ng et al. Nature Genetics (2010) 



Kabuki Syndrome	

Kabuki Syndrome	



	
   	
  	
  phenotypic	
  	
  
	
  stra*fica*on	
  

nonsense > missense 
conserved > nonconserved  

Exome	
  analysis	
  of	
  Kabuki	
  syndrome	
  	
  

	
   	
  	
  	
  genotypic	
  	
  
	
  stra*fica*on	
  



Kabuki Syndrome	



• MLL2 = trithorax-group histone methyltransferase 
• 7 of 10 probands w/ loss-of-function mutation 
• 81 mutations in 110 kindreds (74%) 
• de novo, mostly trunctuating 
• Couldn’t have been solved by mapping! 
 

Ng et al. Nature Genetics (2010) 



DHODH	
  

FLNA	
  GPSM2	
  HSD17B4	
  MLL2	
  	
  
ABCG5	
  WRD62	
  PIGV	
  WRD35	
  	
  
SDCCAG8	
  STIM1	
  SCARF2	
  	
  
ANGPTL3	
  MASP1	
  ACAD9	
  	
  
TGM6	
  FADD	
  CEP152	
  	
  

TECR	
  GJC2	
  DHDDS	
  BAG3	
  	
  
SERPINF1	
  RPL21	
  POP1	
  KIF1A	
  	
  

WDR62	
  DNMT1	
  BANF1	
  IMPAD1	
  	
  
FAM20A	
  AARS2	
  CEP57	
  ARHGAP31	
  	
  
LAMC3	
  FBLN5	
  MOG	
  GPATCH8	
  	
  
ZBTB24	
  AP4E1	
  AP4B1	
  	
  AP4S1	
  	
  	
  
RPE65	
  NOTCH2	
  FBN1	
  LHCGR	
  	
  
MAX	
  ZNF644	
  NEIL1	
  MYO1E	
  	
  	
  
STAT1	
  CCDC8	
  VPS35	
  KCNJ13	
  	
  

GATA2	
  NBEAL2	
  SMAD3	
  ANKRD11	
  	
  
ACSF3	
  MRPL3	
  AKT1	
  MTHFD1	
  	
  
DOCK6	
  DYNC1H1	
  WRD62	
  MAK	
  	
  
SYT14	
  ACSF3	
  ADAMTS18	
  PSMB8	
  	
  	
  
MYO7A	
  CNGA3	
  IQCB1	
  ALMS1	
  	
  	
  
CUBN	
  CNGA3	
  GCDH	
  SHROOM3	
  	
  
TK2	
  RRM2B	
  PSMC3IP	
  GATAD1	
  	
  
MBD5	
  USH2A	
  SPR	
  AIFM1	
  	
  

WDR19	
  AFG3L2	
  POLR3B	
  POLR3A	
  	
  
DNAJC5	
  KAT6B	
  ELOVL4	
  MEGF10	
  	
  
CYP24A1	
  PRRT2	
  DLX5	
  PLA2G5	
  
	
  KIF22	
  SMOC2	
  NOTCH3	
  SPG11	
  	
  

EZH2	
  SMAD4	
  	
  

THRA	
  MPL	
  SLCO2A1	
  RIPK4	
  	
  
CSF1R	
  RTN2	
  XRCC2	
  C5orf42	
  
	
  KIAA1377	
  SRCAP	
  KAT6B	
  	
  
CUL3	
  KLHL3	
  HARS	
  CRADD	
  	
  
SNIP1	
  BRAT1	
  TUBGCP6	
  	
  
CHST8	
  AGK	
  KIF11	
  AP4B1	
  	
  

Kabuki Syndrome	

>100	
  Mendelian	
  disease	
  genes	
  by	
  exome	
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What	
  generaliza*ons	
  can	
  we	
  make?	
  
	
   	
  	
  

1)  Solving	
  Mendelian	
  disorders	
  is	
  a	
  powerful	
  
application	
  of	
  exome/genome	
  sequencing	
  	
  

	
  
2)  Only	
  the	
  successes	
  get	
  published!	
  
	
  
	
  
	
  

Gene*c	
  	
  
Heterogeneity	
  

Incomplete	
  
Informa*on	
  



Kabuki Syndrome	

Centers	
  for	
  Mendelian	
  Genomics	
  

Goals	
  are	
  to:	
  
1)  Identify	
  the	
  genetic	
  basis	
  for	
  as	
  many	
  

Mendelian	
  disorders	
  as	
  possible	
  

2)  Develop	
  and	
  disseminate	
  improved	
  methods	
  
3)  Create	
  public	
  resources	
  that	
  facilitate	
  

coordinated	
  discovery	
  activities	
  

http://www.mendelian.org	
   gmendel@mendelian.org	
  



Au*sm	
  Spectrum	
  Disorders	
  (ASD)	
  

Complex	
  phenotype	
  w/	
  complex	
  genetics	
  
	
  	
  

Simplifying	
  assump*ons	
  
1) Coding	
  mutations	
  w/	
  large	
  effects	
  

likely	
  contribute	
  to	
  autism	
  	
  
2) Some	
  %	
  of	
  these	
  are	
  expected	
  to	
  be	
  

de	
  novo	
  point	
  mutations	
  	
  
3) But	
  probably	
  100’s	
  of	
  different	
  genes	
  



Trio	
  Sequencing	
  in	
  Simplex	
  Au*sm	
  

De novo mutations in              
parent-child trios 
 
Simplex pedigrees (Simons) 
 
209 trios (627 exomes) 
 
Solution hybridization capture (NimbleGenEZ ExomeV2.0) 
& Illumina sequencing (~90% of ~30 Mb target @ >=8x)  

O’Roak et al. Nature (2012) 



1.  Examine	
  bases	
  called	
  in	
  full	
  trio	
  

2.  Find	
  Mendelian	
  errors	
  with	
  discordant	
  proband	
  

3.  Filter	
  against	
  2,000+	
  other	
  exomes	
  

4.  Annotate	
  	
  

5.  Manual	
  review	
  	
  

6.  Sanger	
  confirmation	
  

de novo SNV analysis: “Haystack” 



Trio	
  Sequencing	
  in	
  Simplex	
  Au*sm	
  

242 new de novo variants    
confirmed  
 
Exome µ = 2.17 x 10-8   

       per generation 
  
225 substitutions (Ti/Tv= 2.6; 36% CpG) 
181 non-synonymous (73%) 
17 indels (15 truncating) 
 
11 examples of parental or somatic mosaicism 
 



Number	
  of	
  de	
  novo	
  coding	
  mutations	
  

M
ed

ia
n	
  
Pa
te
rn
al
	
  A
ge
(m

on
th
s)
	
  

Haldane (1935) was right… 

Strong	
  parent-­‐of-­‐origin	
  bias	
  



Extreme	
  Gene*c	
  Heterogeneity	
  

•  209 trios (627 exomes) 

•  ~200 nonsynonymous de novo mutations 

•  Many intriguing candidate genes for autism  
 (e.g. GRIN2B, LAMC3, FOXP1, SCN1A) 

•  But only 2 recurrently disrupted genes! 

•  Where do we go from here? 



A	
  protein-­‐protein	
  network	
  



A	
  subset	
  of	
  muta*ons	
  pinpoint	
  	
  
CNV	
  candidate	
  genes	
  

•  2q23.1	
  Microdeletion	
  Syndrome-­‐MBD5	
  

	
  
•  del(18)(q12.2q21.1)	
  syndrome-­‐SETBP1	
  
•  Down	
  Syndrome	
  critical	
  region-­‐DYRK1A	
  	
  

Williams et al. 2009, EJHG; Talkowski et al. 2011 AJHG 



Molecular	
  Inversion	
  Probes	
  

Multi-template PCR

Direct resequencing

exon 1 exon 2 exon 3

Extension and ligation

Hybridization

Multi-template PCR

Direct resequencing

exon 1 exon 2 exon 3exon 1 exon 2 exon 3

Extension and ligation

Hybridization

Multi-template PCR

Direct resequencing

exon 1 exon 2 exon 3

Extension and ligation

Hybridization

Multi-template PCR

Direct resequencing

exon 1 exon 2 exon 3exon 1 exon 2 exon 3

Extension and ligation

Hybridization

Inverse	
  PCR	
  with	
  
common	
  primers	
  that	
  
add	
  Illumina	
  adaptors	
  

Direct	
  sequencing	
  with	
  
76	
  base-­‐pair	
  reads	
  from	
  	
  
both	
  directions	
  

Turner	
  et	
  al.	
  Nature	
  Methods	
  (2009)	
  

Multiplex	
  sequence	
  capture	
  



Cheap	
  Deep	
  Resequencing	
  

Target	
  =	
  6	
  genes	
  (autism	
  candidates)	
  	
  
	
  	
  
Low	
  input	
  (50	
  nanograms)	
  
	
  
1	
  capture	
  +	
  PCR	
  per	
  sample	
  à	
  pool	
  
	
  
192-­‐plex	
  or	
  384-­‐plex	
  per	
  HiSeq2000	
  lane	
  
	
  
1703	
  probands	
  and	
  733	
  controls	
  (n=2,436)	
  
	
  
	
  

Multi-template PCR

Direct resequencing

exon 1 exon 2 exon 3

Extension and ligation

Hybridization

Multi-template PCR

Direct resequencing

exon 1 exon 2 exon 3exon 1 exon 2 exon 3

Extension and ligation

Hybridization



Cheap	
  Deep	
  Resequencing	
  

•  >95%	
  of	
  target	
  @	
  >50x	
  coverage	
  (192-­‐plex)	
  

•  Both	
  sensitive	
  (99%)	
  &	
  specific	
  (1%	
  FP)	
  

•  2+	
  de	
  novo	
  in	
  3	
  genes	
  (in	
  1,703	
  probands)	
  

	
  

	
  

	
  

	
  

	
  



Trio	
  Sequencing	
  in	
  Simplex	
  Au*sm	
  

•  Extreme	
  Locus	
  Heterogeneity	
  -­‐	
  No	
  single	
  gene	
  
causes	
  >0.5%	
  of	
  simplex	
  autism	
  

•  Small	
  &	
  large	
  de	
  novo	
  mutations	
  clearly	
  relevant	
  

•  Iden*fying	
  de	
  novo	
  muta*ons	
  in	
  simplex	
  
parent-­‐child	
  trios	
  will	
  yield	
  candidate	
  genes	
  

•  However,	
  replica*on	
  in	
  large	
  numbers	
  of	
  cases	
  
and	
  controls	
  will	
  be	
  key	
  



Genetics 

Function 

Synthetics 

Tagging 

Contiguity  

Translation 

Next	
  genera*on…	
  

Jacob	
  
Kitzman	
  



Incomplete	
  Genomics	
  

•  Short	
  reads	
  align	
  ambiguously	
  to	
  ~5%	
  of	
  genome	
  

•  Short	
  reads	
  poorly	
  detect	
  many	
  structural	
  
variants	
  

•  Gaps	
  and	
  errors	
  in	
  the	
  reference	
  genome	
  

•  Next-­‐generation	
  ‘whole	
  genomes’	
  are	
  essentially	
  
blind	
  with	
  respect	
  to	
  phase	
  /	
  haplotype	
  



Incomplete	
  Genomics	
  

•  Short	
  reads	
  align	
  ambiguously	
  to	
  ~5%	
  of	
  genome	
  

•  Short	
  reads	
  poorly	
  detect	
  many	
  structural	
  
variants	
  

•  Gaps	
  and	
  errors	
  in	
  the	
  reference	
  genome	
  

•  Next-­‐generation	
  ‘whole	
  genomes’	
  are	
  essentially	
  
blind	
  with	
  respect	
  to	
  phase	
  /	
  haplotype	
  

Kitzman	
  et	
  al.	
  Nature	
  
Biotechnology	
  (2011)	
  



Haplotype	
  Resolved	
  Genomes	
  

1. 	
  Unphased	
  genome	
  sequencing	
  (NA20847	
  à	
  15×)	
  

2. 	
  Clone	
  gDNA	
  to	
  a	
  single	
  fosmid	
  library	
  

3. 	
  Split	
  fosmid	
  library	
  into	
  ~100	
  subpools,	
  each	
  w/	
  
~3%	
  of	
  diploid	
  genome,	
  and	
  sequence	
  separately	
  

	
  



Making	
  96,	
  192,	
  …	
  indexed	
  libraries	
  quickly	
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Standard  
(2 days) 

Transposase 
(2 hours) 



40 kbp        (clones not reads) 
Each row

 = 1 library 



Haplotype	
  Assembly	
  

•  Genotype	
  the	
  	
  
clone	
  pools	
  

•  Max-­‐parsimony	
  
assembly	
  	
  
(Bansal	
  et	
  al.)	
  

	
  

•  N50	
  =	
  386	
  Kb	
  

Pool 
1 

3 

114 

115 

… 

2 

40 kbp 



Strong	
  concordance	
  with	
  HapMap	
  calls	
  

60 VOLUME 29 NUMBER 1 JANUARY 2011 NATURE BIOTECHNOLOGY

L ETTERS

South Asian history includes admixture between two ancestral groups, 
one genetically close to Europeans (ANI) and another more highly 
diverged from well-ascertained populations (ASI)15. Furthermore, 
principal components analysis revealed a distinct subgroup of Indian 
populations in general and GIH in particular, including NA20847, that 
may harbor substantial genetic ancestry from a third population dis-
tinct from ANI and ASI15. We compared haplotype blocks for this indi-
vidual to HapMap allele frequencies in the GIH and CEPH European 
(CEU) populations to distinguish ‘GIH-like’ from ‘CEU-like’ haplo-
types. Notably, novel SNPs are markedly enriched on the most GIH-
like haplotypes (Fig. 3). We also scored haplotype blocks against allele 
frequencies from the 1000 Genomes Project14 (Supplementary Fig. 3). 
Haplotypes that least resembled all three populations in that study 
(CEU, CHB/JPT and Yoruba) were also markedly enriched for novel 
SNPs. We propose that GIH-like blocks and other well-differentiated 
haplotypes may be derived from more poorly ascertained ancestral 

Single,
complex

fosmid clone
library

1 

2 

3 

115 

Barcoded
clone pool

libraries

B 

Assembled

Haplotypes T G T A 

Unphased
SNPs

a

C A C G

 

A

C/T A/G C/T A/G

b

c

d

PARP1 C1orf95 ITPKB PSEN2 ADCK3 CDC42BPA

by one or more clones) and within each pool (82% of clones with 
mean read depth within a tenfold range) (Supplementary Fig. 1).

For unphased variation discovery, we performed conventional 
whole-genome resequencing to 15× depth (Illumina HiSeq; PE50) 
(Supplementary Table 1 and Supplementary Fig. 2). After align-
ment to the reference, we called 3.3 × 106 SNPs and 3.4 × 105 short 
indels17,18 (Fig. 1c). Nonreference sensitivity for SNPs was 91%, that 
is, HapMap variant genotypes at positions also called in our data, and 
genotype concordance to high-quality HapMap 3 genotypes2 at called 
positions was 99.2% (n = 1,436,495). Other bulk statistics, including 
the heterozygous-to-homozygous call ratio, the fraction of called vari-
ants previously ascertained in the NCBI SNP database (dbSNP), the 
transition-to-transversion ratio, and the numbers and classes of cod-
ing variants, were consistent with expectations based on previously 
sequenced non-African genomes (Supplementary Table 2).

Several methods have been described for assembling haplotypes 
from sequence data1,19–21. We adopted a maximum parsimony 
approach19 to combine the unphased variants from shotgun whole-
genome sequencing with haploid genotype calls from sequencing of 
the 115 pools (Fig. 1d). The resulting assembly incorporated 94% of 
ascertained heterozygous SNPs into haplotype-resolved blocks, with 
an N90 of 89 kbp, an N50 of 386 kbp and an N10 of 1 megabase (Mbp) 
(Fig. 2a). Sixty-two percent of genes were fully encompassed by single 
blocks, and 73% were covered for over half their length.

To evaluate accuracy, we compared our haplotype assembly with 
HapMap phase predictions for NA20847 (Fig. 2b)2. For pairs of 
SNPs in exceptionally high-linkage disequilibrium (D  > 0.90 among 
GIH), we observed nearly perfect concordance (>99.7%). Because 
NA20847 was not part of a trio, HapMap predictions rely upon 
linkage disequilibrium between alleles to predict phase from geno-
types. Correspondingly, concordance was reduced to ~71% when  
D  < 0.10, which is the case for most (66%) pairwise SNP combina-
tions. Concordance is also reduced when one or both alleles in the 
pair is rare in GIH (Fig. 2c). Note that our haplotype assembly is 
experimental and specific to an individual, and therefore completely 
independent of population-based phenomena such as linkage dis-
equilibrium and allele frequency. Consequently, these trends likely 
reflect errors in HapMap phasing1.
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Figure 2 Haplotype assembly results. (a) Size 
distribution of blocks within the haplotype 
assembly up to a maximum block size of 2.79 Mbp.  
Half of the assembly comprised blocks longer  
than 386 kbp (N50). (b) Comparison of 
experimental phasing with HapMap population-
based inference2 for NA20847, with agreement  
of pairwise haplotype predictions as a function  
of physical distance and linkage disequilibrium.  
(c) Agreement of pairwise haplotype predictions 
as a function of physical distance and minor allele 
frequency (defined as the lower allele frequency of 
the pair in GIH). Key is the same as for b.

Figure 1 Haplotype-resolved genome sequencing. (a,b) A single, highly 
complex fosmid library was constructed (a) and split into 115 pools (b), 
each representing ~3% physical coverage of the diploid human genome. 
Barcoded shotgun libraries from each pool were constructed, then 
combined and sequenced. As expected, reads from each library map  
to ~5,000 × ~37 kbp blocks, minimally redundant within each library. 
(c) Whole-genome shotgun sequencing of the same individual generated 
unphased variant calls. (d) Unphased variant calls were combined with 
haploid genotype calls to assemble haplotype blocks using a maximum 
parsimony approach19 (reference allele in black, nonreference allele in red).
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populations, and therefore enriched for novel variants. Such haplotypes 
may represent a valuable source of information about human history 
on the South Asian subcontinent.

A substantial fraction of the human genome consists of gene-rich 
segmental duplications and otherwise structurally complex regions 
that continue to defy accurate diploid consensus assembly within indi-
vidual genomes. We sought to evaluate whether haplotype-resolved 
sequencing is useful for the fine-mapping and haplotype-assignment 
of deletions, inversions and novel contigs.

We used shotgun read depth22, discordant pairing in shotgun data23 
and array-based SNP calls2 to estimate copy number and detect 58 dele-
tions (>8 kbp), 15 of which were flanked by segmental duplications. Of 
these, 48 deletions (83%) were unambiguously confirmed by sequenced 
fosmid clones spanning the breakpoints, providing fine-scale resolution 
and confirming 30 as hemizygous (Fig. 4a and Supplementary Table 3).  
Heterozygous variants in flanking clones allowed for unambiguous 
incorporation of these deletions into haplotype-resolved blocks.

Inversions are challenging to detect because they are copy-number 
neutral and frequently mediated by repetitive sequences. As even fosmid 
end-sequencing tends to overcall inversions6, the added information 
from interrogating full ~37-kbp inserts may be useful for discrimi-
nating true inversions from false positives (Supplementary Fig. 4). 
Indeed, we observed a number of unambiguous inversions by means of 
breakpoint-spanning clones (Supplementary Fig. 5). However, larger 
clones (>100 kbp) may be required to span the large duplication blocks 
where inversion breakpoints typically map6. NA20847 is heterozygous 
for the inversion-containing H2 haplotype at the MAPT locus (17q21) 

(Supplementary Fig. 6). Of note, we properly phased all 287 SNPs  
that tag the H2 haplotype across a 588-kbp span24.

We also detected common human sequences unrepresented in the 
reference, that is, the ‘pan-genome’ (Supplementary Table 4)7,8. Of 
16,904 contigs (total 12.8 Mbp) reported by two recent studies7,8, we 
identified 8,993 in NA20847. We exploited the contiguity of fosmids 
to anchor ~30% of these (Fig. 4b), with 73% agreement ( 50 kbp) 
with a previously anchored subset8. De novo assembly of remaining 
unmapped reads yielded 2,242 additional contigs after filtering, of 
which we anchored 396. To validate anchoring accuracy, we simulated 
novel insertions by deleting 600 intervals (250 bp–10 kbp) in silico 
from the reference and remapping reads to the modified reference. 
Unmapped reads were de novo assembled into 5,435 contigs that cov-
ered ~61% of simulated insertions. Of these, we predicted anchoring 
locations for 2,184 with an accuracy of 87%, with the remaining con-
tigs unassigned because of limited clone coverage. The sensitivity and 
specificity with which novel contigs can be anchored by this approach 
is likely to improve with increased clone and shotgun coverage.

We recently demonstrated exome sequencing as a strategy for 
identifying causal variants in Mendelian disorders25, for example, 
implicating compound heterozygote variants in DHODH in Miller 
syndrome26. In such studies, phasing reduces the number of can-
didate genes consistent with a recessive, compound heterozygous 
model13. For example, in this Gujarati Indian individual, unphased 
variant data included 44 genes consistent with compound heterozy-
gosity (that is, two or more heterozygous, novel, nonsynonymous or 
splice-site variants that altered the same gene). But after phase was 

Chr10:47,023,186-47,059,682

Chr7:26,137,370-26,147,389

Chr1:72,664,067-72,923,470

All WGS SNPs
homozygous at

deletion Anchor: chr11:25,247,000-25,248,500

S
et of 6 pools

Contig accession: GU268019.1

a b

PPYR1

Figure 4 Insertion anchoring and structural 
variation detection. (a) Homozygous deletion 
(top), hemizygous deletion (middle) and 
inversion (bottom) with fosmid clone support. 
Deletion calls were made using read depth 
and paired-read discordance. Inversions were 
called by paired-read discordance. SNPs within 
hemizygous deletions appear as stretches 
of hemizygosity by whole-genome shotgun 
sequencing. Purple connections indicate the 
additional support of strand discordance of read 
pairs spanning genomic DNA and the vector 
backbone. (b) Novel contigs not present in the 
reference assembly (red) but detected among 
clone pool–derived reads (light blue, purple, 
yellow) are anchored by searching for positions in 
the reference common to those pools but missing 
from most or all other pools. This approach 
anchors 1,733 recently reported insertion 
sequences7,8 including contig GU268019.

Figure 3 Enrichment of novel variants on ‘GIH-like’ haplotypes.  
(a) Haplotypes were scored and rank ordered within sliding windows of  
20 HapMap variants2 for greater similarity to GIH or CEU on the basis  
of population allele frequencies (left on x axis: more similar to GIH). 
Plotted is the fraction of novel variants (not in dbSNP v130) in rank-
ordered groups of haplotype windows, demonstrating that the most 
‘GIH-like’ haplotype windows are enriched for novel variants. Values from 
trio-phased14 CEU individual NA12891 are shown for comparison (red). 
(b) Scores calculated in a for haplotype windows were compared between 
homologous chromosomes, and haplotypes were ranked based on the 
extent to which they scored as ‘GIH-like’ relative to their homolog. Plotted 
is the fraction of novel variants found on the more ‘GIH-like’ haplotype 
in rank-ordered groups of homologous haplotype windows. As above, 
the analysis was also performed for individual NA12891 using the rank 
ordering from individual NA20847. Haplotype blocks that are most differentiated relative to their homolog (higher ranked) with respect to GIH versus 
CEU similarity are enriched for novel variants relative to their homolog, consistent with the pattern observed in a.

Rank-ordered group of 1,000 haplotype windows
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Prenatal diagnostics  

The Eugenics Society (UK), 1930s 

Non-invasive methods: 
•  Ultrasound 
•  Maternal Serum Screening 
 
Invasive methods: 
•  Amniocentesis 
•  Chorionic Villus Sampling 

Risk vs. Sensitivity 



Cell-free fetal DNA in maternal plasma 

~5-15% of all cell-
free DNA in plasma 
 
Most/all of fetal 
genome represented 
 
Short fragments 



But can we use this cell-free DNA to 
infer the complete fetal genome? 

Inference of inherited alleles 
•  at sites where mom and dad are homozygous 
•  at sites where mom is heterozygous 
•  at sites where dad is heterozygous 
 
Identification of candidate de novo mutations 
 

Kitzman,	
  Snyder	
  et	
  al.	
  Science	
  
Transla*onal	
  Medicine	
  (2012)	
  



Experimental overview  



Inference is trivial at hom/hom sites 

A / A A / A 

A / A 

Parental 
Genotypes: 

Fetal 
Inheritance: 



Inference is trivial at ANY hom/hom site 

A / A B / B 

A / B 

Parental 
Genotypes: 

Fetal 
Inheritance: 



Inference is trickier at heterozygous sites 

A / B A / A 

? / A 

Parental 
Genotypes: 

Fetal 
Inheritance: 

Could use allelic 
imbalance in plasma




A / B
 A / A


? / A


Parental 
Genotypes:


Fetal 
Inheritance:


100 plasma 
reads


13 fetal 

reads


87 maternal 
reads


43.5 A 


43.5 B 


6.5 A 

(from dad)

6.5 A or B 

(from mom)


Expected # B reads:



•  43.5 if A transmitted


•  50 if B transmitted


Transmitted	
  allele	
  
fraction	
  in	
  plasma	
  

B	
  transmitted	
  A	
  transmitted	
  

Inference is trickier at heterozygous sites 



Maternal haplotype 
N50 = 326 Kbp


Haplotype	
  A	
  
transmitted	
  

Haplotype	
  B	
  
transmitted	
  

End	
  of	
  
haplotype	
  
block	
  

Very	
  	
  
unlikely	
  

Very	
  likely	
  

Very	
  likely	
   50/50	
  

50/50	
  

Haplotypes to the rescue! 
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HMM allows identification of switch  
errors and recombination events  



Paternal transmission: site-by-site  



Category
 Number of 
Sites


Accuracy


Maternal het
 1.06 x 106
 99.3%

Paternal het
 1.13 x 106
 96.8%


Het/het
 5.76 x 105 
 98.7%


Accuracy for predicting transmission 



Identifying candidate de novo mutations 

Identified 39/44 (89%) 
“true” de novo sites 

Also identified 25 
million other sites… 
 



 5 

 
Figure S2. Inference accuracy for paternal transmission at paternal-only heterozygous sites, as a 

function of plasma shotgun sequencing depth (median=78-fold).  Inference accuracy is generally 

higher at more deeply sequenced sites. At sites with low overall coverage, too few fetal-derived reads 

are sampled, and the paternally transmitted allele is more likely to go unobserved.  On the other end, 

sites with extremely high coverage may reside in regions of high copy number or dense repeat content 

that are recalcitrant to accurate mapping and variation calling with short reads. 

 

 

 
Figure S3. Detecting sites of de novo mutation among maternal fetal plasma sequences. Shown on 

a log10 scale are counts of candidate and true single-base de novo substitution variants remaining after 

application of successive quality filters (filled gray area and red points, respectively).   
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Filtering candidate de novo sites greatly 
improves signal-to-noise ratio 



•  Replace all current genetic tests that are 
done invasively w/ non-invasive alternative 

•  Non-invasive pre-natal diagnosis of 
Mendelian disorders more broadly? 

•  Important to note that many technical, 
analytical & practical challenges remain 

Where is this going? 
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