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Genes in the major histocompatibility complex (MHC, also known as HLA) play a critical role in the immune response and
variation within the extended 4-Mb region shows association with major risks of many diseases. Yet, deciphering the under-
lying causes of these associations is difficult because the MHC is the most polymorphic region of the genome with a complex
linkage disequilibrium structure. Here, we reconstruct full MHC haplotypes from de novo assembled trios without relying
on a reference genome and perform evolutionary analyses. We report 100 full MHC haplotypes and call a large set of struc-
tural variants in the regions for future use in imputation with GWAS data. We also present the first complete analysis of the
recombination landscape in the entire region and show how balancing selection at classical genes have linked effects on the

frequency of variants throughout the region.
[Supplemental material is available for this article.]

The major histocompatibility complex covers 4 Mb on Chromo-
some 6 and is the most polymorphic part of the human genome.
Most of approximately 200 genes in the region are directly in-
volved with the immune system. The high diversity is thought
to be driven by balancing selection acting on several individual
genes combined with an overall small recombination rate in the
MHC (DeGiorgio et al. 2014). Genome-wide association studies
have revealed the MHC to be the most important region in the hu-
man genome for disease associations, in particular for autoim-
mune diseases (Trowsdale and Knight 2013; Zhou et al. 2016).

The very high diversity and wide-ranging linkage disequili-
brium (LD) makes it difficult to disentangle selective forces and
to accurately pinpoint the variants responsible for disease associa-
tions. Many regions are too variable for reliable identification of
variants from mapping of short reads to the human reference ge-
nome. LD causes multiple nearby variants to provide the same stat-
istical evidence of association hampering the identification of
causal variants. In addition to the human genome reference
MHC haplotype, seven other haplotypes have been sequenced
(Horton et al. 2008), although six of these are incomplete, and ex-
ploiting these significantly improves mapping performance
(Dilthey et al. 2015, 2016). There is a strong need for obtaining a
larger number of full MHC haplotypes, which requires de novo as-
sembly of the haplotypes without the use of a reference genome.
Long-read technology and refined capture methods are potentially
very powerful (Chaisson et al. 2015; English et al. 2015; Selvaraj
et al. 2015), but these approaches are still prohibitively expensive
at a large scale.

The Danish Pan-Genome project (Maretty et al. 2017) was de-
signed to perform individual de novo assembly of 50 parent—child
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trios sequenced to high depth with multiple insert size libraries.
We use data from 25 of these trios to reconstruct and analyze the
four parental MHC haplotypes in each trio (100 haplotypes in to-
tal). Our approach combines the de novo assemblies with trans-
mission information, read-backed phasing, and joint analysis of
each trio. Our final set of 100 full MHC haplotypes have <2% miss-
ing data and >92% of all variants phased. We recently reported
that we found a total of 701 kb of novel sequence in these haplo-
types and that some of these segments are large (3-6 kb) and
common in our haplotypes (present in 22%—-26% of parental hap-
lotypes) (Maretty et al. 2017). Here, we describe our method of
assembly and phasing in detail and perform an evolutionary anal-
ysis of the resulting haplotypes.

Results

Assembly of 100 full MHC haplotypes

Our assembly approach was designed to circumvent the challenges
in mapping short reads to a reference sequence. Through several
steps, we leverage transmission information and read-backed phas-
ing to create candidate haplotypes to which we can map reads.
Because the candidate haplotypes were created from the reads
themselves, subsequent mapping is more successful than mapping
to the reference genome, and phasing is improved. The procedure
of mapping and phasing is iterated, as each inferred phased haplo-
type improves mapping and in turn phasing.

Figure 1 shows a schematic of our pipeline. The starting point
is a set of scaffolds for each individual, de novo assembled using
ALLPATHS-LG (Gnerre et al. 2011) on genomes sequenced to
78% by multiple insert size libraries (Maretty et al. 2017).

We extracted scaffolds mapping with at least 50 kb to the
MHC region (the number of scaffolds ranges from 1 to 8 across in-
dividuals) (Supplemental Fig. Sla) and concatenated these to
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Figure 1. Assembly of 100 full MHC haplotypes. Schematic showing the construction of MHC haplotypes. Genomes in trios are de novo assembled using
ALLPATHS-LG (step 1). Scaffolds larger than 50 kb mapping to the MHC are extracted and concatenated, creating diploid consensus scaffolds (step 2).
Bubbles in the alignment graphs for individuals in the trio are mapped uniquely within the trio by exact matching of the sequence upstream of the bubbles
(step 3). Global alignment between phased bubbles is used to create a consensus sequence between transmitted parental and inherited child haplotype
sequences (steps 4 and 5). Reads from parents and child are then mapped to the consensus sequence, genotyped, and phased (step 6), gaps are closed
(step 7), and reads are mapped again for another iteration of mapping, genotyping, and phasing (step 8).

create diploid consensus scaffolds including bubbles in the assem-
bly graph (step 2). For each trio, >77% of the bubbles in the align-
ment graphs were phased without Mendelian violation using the
sequence immediately upstream of and downstream from each

bubble to find exact matches within the trio (step 3). After phas-
ing, we created a sequence for each nontransmitted parental hap-
lotype and created a consensus sequence between transmitted
parental haplotypes and inherited child haplotypes by multiple
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