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Human reference genome makeup

The majority of 
the human 
reference is 
from one 
individual

Source of BAC clones comprising 
the reference genome

Green et al (2010). Science.



Capturing human genetic diversity



Variant discovery via alignment
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Sequences missed by alignment
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Sequences missed by alignment

Reference

True sequenced genome (unknown)
non ref sequence

T
T

T

T

T

T

A

T
Reconstructed sequenced genome, with variants

SNP discovered

Sequencing 
reads get 
aligned to 
reference 
genome

Don’t line up to ref, 
typically ignored



African-ancestry population WGS data

Sherman et al (2019). Nature Genetics.



Analyzing the unaligned reads

Reference

True sequenced genome (unknown)
non ref sequence

T
T

T

T

T

T

A

T
Sequenced genome reconstruction, standard methods

Sequencing 
reads get 
aligned to 
reference 
genome

Don’t line up to ref, 
typically ignored

Don’t line up to ref, 
typically ignored

...

910 
people

...

> 3.6 Gb sequence
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Analyzing the unaligned reads

Align reads to 
reference

Assemble unaligned 
reads; filter contaminants

Align contigs 
all-to-all

to remove 
redundancy

...
bowtie2 MaSuRCA, Centrifuge+BLAST

Attempt to 
place in 
GRCh38 

(localize using 
mate pairs aligned 
to reference, then 
local alignment of 

ends) 

Assembled contig

One end of paired 
reads, assembled

Other end of pair, 
aligned to reference

chr1:4775
chr1:4800
chr1:4850
chr1:4890

chr1:5110
chr1:5225
chr1:5240

Reference Genome, chr1:4500-5500

... discard if < 1kb

nucmer; iteratively



Sequences missed by alignment
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296.5 Mb non-reference 
insertion sequences

in
125,715 non-redundant

contig sequences
from 

910 African-ancestry 
individuals



Pan-genome insertion locations

Sherman et al (2019).



Pan-genome insertion locations
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1,548 contigs placed

55 intersect exons, present in 247 
individuals on average (27%)

545 intersect RNA annotations



Pan-genome insertion locations

Sherman et al (2019).

1,548 contigs placed

55 intersect exons, present in 247 
individuals on average (27%)

545 intersect RNA annotations



Are any of these sequences transcribed?

219

Insertion in at least 769 individuals (85%), intersects a known 
primate exon in KDM6B that isn’t annotated in GRCh38:



Are any of these sequences transcribed?

Audano and Sulovari et al (2019). Cell.

Insertion in at least 769 individuals (85%), intersects a known 
primate exon in KDM6B that isn’t annotated in GRCh38:



GTEx reads align to pan-genome contigs

Preliminary analysis with 93 GTEx RNA-seq samples
31 tissues, 3 samples each

Unaligned GTEx 
RNA-seq reads

Spliced alignments to 
pan-genome contigs
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GTEx reads align to pan-genome contigs

Unaligned GTEx 
RNA-seq reads

Spliced alignments to 
pan-genome contigs

APG 1

APG 2

Preliminary results on 93 samples
 Alignments to 17,878 of 125,715 APG 

contigs (14%)

Canonically spliced alignments to 268 
contigs (0.2%) 

     Ideal candidates are:
● Non-repetitive (unmasked)
● Many reads align with splicing 
● Stringtie can assemble into transcript(s)



Non-reference exons present in insertions

5.7 kb CAAPA contig placed within MUC19 on chr12



Non-reference exons present in insertions

5.7 kb CAAPA contig placed within MUC19 on chr12



We need more than just a variant catalog
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Questions?



Additional Slides



Sherman et al (2019).

Pan-genome stats

￮ 51% of contigs are singletons
￮ 34% of contigs align to HX1 or KOREF
￮ 98% of contigs have some alignment to Chimpanzee 

or Rhesus Macaque, demonstrating these are not 
contaminants



Repeat content in pan-genome contigs



Pan-genome contig size distribution

Sherman et al (2019).



Pan-genome contig size distribution

Sherman et al (2019).

Longest contig: 
152,806 bp,

present in 11 
individuals (1.2%)



Pan-genome contigs in other WGS cohorts

Don’t line up to ref, 
typically ignored

...

...

Assemble unaligned reads, 
per individual

Align to pan-genome 
contigs

Call presence/absence

APG 1

APG 2

APG 3

APG 1

APG 2
APG 3



data from Sherman et al (2019), Simons Genome Diversity Project samples from Mallick et al (2016).

Pan-genome contigs in SGDP populations
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The pan-genome is still open

Sherman et al (2019).


