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A B S T R A C T

The highly polymorphic classical human leukocyte antigen (HLA) genes display strong linkage disequilibrium
(LD) that results in conserved multi-locus haplotypes. For unrelated individuals in defined populations, HLA
haplotype frequencies can be estimated using the expectation-maximization (EM) method. Haplotypes can also
be constructed using HLA allele segregation from nuclear families. It is straightforward to identify many HLA
genotyping inconsistencies by visually reviewing HLA allele segregation in family members. It is also possible to
identify potential crossover events when two or more children are available in a nuclear family. This process of
visual inspection can be unwieldy, and we developed the “HaplObserve” program to standardize the process and
automatically build haplotypes using family-based HLA allele segregation. HaplObserve facilitates systematically
building haplotypes, and reporting potential crossover events. HLA Haplotype Validator (HLAHapV) is a pro-
gram originally developed to impute chromosomal phase from genotype data using reference haplotype data. We
updated and adapted HLAHapV to systematically compare observed and estimated haplotypes. We also used
HLAHapV to identify haplotypes when uninformative HLA genotypes are present in families. Finally, we de-
veloped “pould”, an R package that calculates haplotype frequencies, and estimates standard measures of global
(locus-level) LD from both observed and estimated haplotypes.

1. Introduction

The human leukocyte antigen (HLA) genes are located in the 4MB
major histocompatibility complex (MHC) region on chromosome
6p21.3 [1]. There are three classical (HLA-A, HLA-C and HLA-B) class I
and eight classical (HLA-DRB3, HLA-DRB4, HLA-DRB5, HLA-DRB1,
HLA-DQA1, HLA-DQB1, HLA-DPA1 and HLA-DPB1) class II HLA genes.
The HLA system is the most polymorphic and diverse genetic system in
the genome [1–3]. Due to the magnitude of the polymorphisms at a
given HLA locus, complex allele names are assigned for each gene based
on polymorphic nucleotide positions and inferred amino acid variation
[4]. These genes are in strong linkage disequilibrium (LD) [5], estab-
lishing haplotypes; LD is especially pronounced between physically
proximal neighboring genes, such as HLA-C and HLA-B. Although oc-
casional meiotic recombination events are observed, alleles of HLA

genes usually segregate as intact chromosomal blocks transmitted from
both parents to their offspring [6]. Specific HLA alleles are often ob-
served in distinct haplotypes in different ethnic groups. In allogeneic
transplantation, HLA genotype matching correlates significantly with
positive outcomes; in addition, certain HLA alleles associate sig-
nificantly with predisposition to autoimmune diseases [7]. HLA hap-
lotype information elevates the confidence in the assignment of HLA
genotypes [8], allows specific alleles to be identified as the factors
contributing to disease susceptibility in specific haplotypes, and helps
predict match grade in hematopoietic stem cell transplants [9].

The “Study of Haplotypes in Families by NGS HLA” (Family
Haplotype) project was organized under the 17th International HLA
and Immunogenetics Workshop (IHIW). The advent of next generation
sequencing (NGS) technologies allows sequencing nearly entire HLA
genes (from 3’-UTR to 5’-UTR) and generates HLA genotypes from a
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large number of subjects in a cost effective manner. The objective of the
17th IHIW Family Haplotype project was to build a set of HLA haplo-
types based on the segregation of HLA alleles generated using NGS-
based HLA typing on an international collection of family subjects. To
achieve the goal of the project, we developed analytical tools to auto-
matically build haplotypes and calculate critical information, such as
haplotype frequencies and standard measures of global (locus-level) LD
related to the haplotypes under the “Informatics of Genomic Data”
component. In the present report we describe the tools developed as a
collaborative product of the 17th IHIW Informatics of Genomic Data
component, their functionalities, utility, and limitations for the Family
Haplotype project. This manuscript specifically focuses on addressing
the algorithmic needs of the software tools and illustrating issues with
examples from the dataset collected for the 17th IHIW. The analyses
accomplished using these tools are included in a separate report in this
issue (Osoegawa et al, manuscript submitted).

2. Materials and methods

2.1. Family and subjects

A total of 204 nuclear families consisting of 820 subjects were se-
lected from a clinical database at the Stanford Blood Center’s
Histocompatibility, Immunogenetics & Disease Profiling Laboratory
(Osoegawa et al. manuscript submitted). Family pedigrees were stored
in PED format [10] in the 17th IHIW database [11]. Subjects were de-
identified by each participating laboratory, and new IDs were system-
atically assigned by the 17th IHIW database system. Family haplotypes
were built using double-blinded subject IDs. The use of the data from
the double-blinded subjects was approved by the Stanford University
Institutional Review Board (IRB) eProtocol Title “17th International
HLA and Immunogenetics Workshop” eProtocol # : 38899.

2.1.1. Genotype data
The HLA genotypes for each family were recorded in GL String

format [12] in the 17th IHIW database [11]. We used HLA genotypes
from the 204 families to develop and validate the tools described in this
manuscript. Additionally, we reviewed HLA-DPB1 genotypes for 4949
samples from 1442 nuclear families that were registered for various
projects in the 17th IHIW database.

2.2. HaplObserve

The HaplObserve package is written in the Java programming lan-
guage using Java SE Development kit (JDK – 1.8), and includes data-
processing, data-analysis and data-reporting functions. HaplObserve’s
data-analysis function generates parental haplotypes from a nuclear
family, and was designed to generate haplotypes using HLA genotypes
from a nuclear family that consists of two parents and at least one child
(Sections 2.2.2.1 to 2.2.2.7). The data-processing function accepts
genotype and accessory data for multiple families, and selects in-
dividual families and subsets of families for analysis (Section 2.4). The
data-reporting function generates output files for review and down-
stream analyses (Sections 2.2.2.8 and 2.5). HaplObserve is a command
line tool, and the software package can be downloaded on a local
computer as a zip file (hapl-obs-tools-0.0.1-SNAPSHOT-bin.zip) from
the IHIW GitHub repository [A]. HaplObserve requires the Java SE
Development kit (JDK – 1.7 or newer). The software installation and
execution guide is provided as a Supplemental document
(SupplementalHaplObserveInstruction). The detailed software installa-
tion document can be obtained from the IHIW GitHub repository [A].

2.2.1. Input file format
Machine-readable input data formats requiring minimal human in-

tervention are key requirements for successful, error-free software ex-
ecution. The GL String format was developed as a standard software-

consumable HLA genotype data format [12], and HLA genotypes were
recorded in GL String format in the 17th IHIW database [11]. The ad-
vantages using GL Strings have been described previously [11], and this
format is being widely adopted in the immunogenetics community for
these purpose [9,13–16]. There are three options as input files for
HaplObserve. 1) HaplObserve converts a “master” comma separated
value (CSV) file into individual CSV files for each family. The master
CSV files contain Labcodes (laboratory-specific IHIW IDs), Family IDs,
sample IDs, relationship data, GL String formatted HLA genotypes, and
ethnicity/country data (Supplemental Table 1). The ethnicity/country
data is used to calculate haplotype frequencies for each ethnicity/
country. The individual family CSV files are generated for visual ex-
amination of alleles if HaplObserve reports any errors (Supplemental
Table 2). 2) HaplObserve is also able to accept individual family CSV
files. This option may be convenient for building haplotypes from a
single family, or if the user would like to organize HLA genotype data in
spreadsheet format. 3) Alternatively, the software is capable of ac-
cepting HLA genotypes in Histoimmunogenetics Markup Language
(HML) formatted HLA genotypes [17], PED file-formatted family ped-
igree information [10] and CSV-formatted Labcodes and ethnicity/
country information (INFO.csv file). The software looks for subjects
across all three of these files and combines the information into the
master CSV file. This option is convenient for building haplotypes from
extended or multi-generation families.

2.2.2. Building haplotypes from a family
HaplObserve attempts to follow the first seven steps depicted in

Fig. 1, which are described in Sections 2.2.2.1 to 2.2.2.7. Proper
handling of ambiguities was one of the most critical elements of
building fully phased haplotypes from un-phased genotypes. The first
three Sections (2.2.2.1–2.2.2.3) focus on describing nature of ambi-
guities and how to handle different types of ambiguities.

2.2.2.1. Allelic ambiguity standardization. Two types of genotyping
ambiguities exist: allelic and genotypic (or “phase”) ambiguities [12].
GL String formatted allelic ambiguity is represented using a slash (/);
e.g. HLA-DPB1*04:01:01:01/HLA-DPB1*04:01:01:02 indicates that
these two alleles are not distinguishable using the HLA genotyping
method applied [12]. We initially observed frequent differences in the
genotyping between parents and offspring for specific alleles. The first

Fig. 1. Fig. 1 shows the flow of concepts behind the software suite. Detailed
description of each step with the section numbers and titles can be found in
Materials and Methods. HaplObserve, HLAHapV and pould were developed and
updated to accomplish: [1] building HLA haplotypes from families (light gray
highlight: sections 2.2.2.1–2.2.2.7); [2] validating the haplotypes (dark gray
highlight: 2.2.2.7–2.3.2); [3] calculating haplotype frequencies (2.4); [4] cal-
culating measures of LD from the family haplotypes (2.5).
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group of the differences in the inconsistent alleles were often due to
STR or homopolymer length variation, which occurred independently
of the NGS HLA genotyping protocols and software applications used in
the 17th IHIW. The second group of differences was due to
polymorphisms outside of the sequenced region. For example, HLA-
DPB1*13:01:01 and HLA-DPB1*107:01 are often indistinguishable due
to a difference in exon1; the NGS HLA genotyping protocols used for the
17th IHIW did not cover exon1 (Table 1) [18]. Similarly, HLA-
DPB1*02:01:02 and HLA-DPB1*02:01:19 are not distinguishable
when DPB1 exon5 is not sequenced. We treated the alleles in these
groups as allelic ambiguity groups (Table 1). HaplObserve addresses
these testing limitations by automatically converting alleles in a given
STR, homopolymer or unsequenced polymorphism group to an allelic
ambiguity string even if an allele has been unambiguously reported.

2.2.2.2. Conversion of genotypic ambiguity to allelic ambiguity. GL String
formatted “genotypic” ambiguity is represented using both a pipe (|)
and a plus (+) delimiter together to identify alternative genotypes that
cannot be distinguished due to an inability of a given typing system to
establish phase between detected polymorphisms; for example, the
HLA-DPB1*04:01:01:01+HLA-DPB1*04:02:01:02|HLA-DPB1*105:01+
HLA-DPB1*126:01 string indicates that heterozygous genotyping
result is either HLA-DPB1*04:01:01:01+HLA-DPB1*04:02:01:02 or
HLA-DPB1*105:01+HLA-DPB1*126:01 [12]. Although allelic and
genotypic ambiguities result from distinct shortcomings of a given
typing system, some HLA genotyping software applications report
allelic ambiguities in a genotypic ambiguity format [12]. There is no
recommendation on how to express a specific typing within a GL String;
neither is there a required order for alleles in a GL String. For example,
the GL String HLA-DPB1*04:01:01:01+HLA-DPB1*04:02:01:02|HLA-
DPB1*04:01:01:02+HLA-DPB1*04:02:01:02|HLA-DPB1*105:01+HLA-
DPB1*126:01 indicates that the heterozygous genotype is either HLA-
DPB1*04:01:01:01+HLA-DPB1*04:02:01:02, HLA-DPB1*04:01:01:02
+HLA-DPB1*04:02:01:02 or HLA-DPB1*105:01+HLA-DPB1*126:01.
HLA-DPB1*04:02:01:02 is shared in the first two allele combinations,
indicating that these first two combinations represent allelic ambiguity.
Therefore, this genotype ambiguity example can be shortened to HLA-
DPB1*04:01:01:01/HLA-DPB1*04:01:01:02+HLA-DPB1*04:02:01:02|
HLA-DPB1*105:01+HLA-DPB1*126:01. Supplemental Table 3 shows
more examples of genotypic ambiguity and allelic ambiguity formats.
To be consistent, HaplObserve converts genotypic ambiguities to allelic

ambiguities when possible (Supplemental Table 3).

2.2.2.3. Resolving genotypic/phase ambiguity. Genotypic ambiguities
frequently result when assembling short sequence reads, even if
introns are sequenced; this primarily occurs for HLA-DPB1 genotypes.
The genotypic ambiguities cannot be converted to the allelic
ambiguities (see Section 2.2.2.2), because they occur when NGS HLA
genotyping software applications are not able to phase exon 2 and exon
3 sequences due to a lack of informative intron 2 SNPs or reference
sequences. It is not possible to resolve such phase ambiguities when
reviewing a single individual’s genotype. However, it is often possible
to identify a single phased allele combination by reviewing all the
genotypes in the family and assessing segregation (Table 2A and 2B).
HaplObserve includes a function to determine a single phased allele
combination by reviewing HLA allele segregation prior to building
family haplotypes. When phase ambiguity is not resolved due to the
lack of informative family members, the software progressively
compares each allele name from the first field to the fourth field, and
takes the lowest-digit allele name combination as the priority HLA
genotype (Table 2C). This approach assumes that the lowest-digit allele
name combination is the more common combination, and haplotypes
were built using genotypes that included these presumed more common
alleles when phased ambiguities were not resolved. This process can be
turned off when the end user manually chooses the allele combination,
and removes the disapproved allele combination on the basis of their
own judgement.

2.2.2.4. Sorting children’s alleles. The transmitted HLA alleles of each
child are separated into paternal and maternal genotype groups or
haplotypes (Supplemental Table 4). The non-transmitted parental
alleles are identified for each parent by subtracting the alleles
matched with the child. This step produces sets of parental
haplotypes for all children.

2.2.2.5. HLA allele copy number adjustment. When a locus is recognized
as homozygous, some NGS HLA genotyping software applications
report the homozygous allele once (e.g., “HLA-A*02:01:01:01”, which
could be interpreted as hemizygous) instead of reporting two identical
alleles (e.g., “HLA-A*02:01:01:01+HLA-A*02:01:01:01”). To be
consistent, HaplObserve duplicates the potentially hemizygous allele
and includes a “+” operator to represent it as truly homozygous for the

Table 1
Allelic ambiguities.

Ambiguities Reason

HLA-DPB1*13:01:01/HLA-DPB1*107:01 Polymorphism outside the sequenced region (Exon 1)
HLA-DPB1*04:01:01:01/HLA-DPB1*04:01:01:02 Short Tandem Repeat
HLA-DPB1*02:01:02/HLA-DPB1*02:01:19 Polymorphism outside the sequenced region (Exon 5)
HLA-DQA1*01:01:01:02/HLA-DQA1*01:01:01:03 Homopolymer
HLA-DQA1*01:02:01:01/HLA-DQA1*01:02:01:03/HLA-DQA1*01:02:01:05 Homopolymer
HLA-DQA1*01:02:01:04/HLA-DQA1*01:02:01:06/HLA-DQA1*01:02:01:07 Homopolymer
HLA-DQA1*01:03:01:03/HLA-DQA1*01:03:01:04 Homopolymer
HLA-DQA1*01:03:01:02/HLA-DQA1*01:03:01:06 Homopolymer
HLA-DQA1*02:01:01:01/HLA-DQA1*02:01:01:02 Homopolymer
HLA-DQA1*01:04:01:01/HLA-DQA1*01:04:01:02/HLA-DQA1*01:04:01:04 Homopolymer
HLA-DQA1*05:05:01:01/HLA-DQA1*05:05:01:02/HLA-DQA1*05:05:01:04 Short Tandem Repeat
HLA-DQA1*05:05:01:03/HLA-DQA1*05:05:01:05/HLA-DQA1*05:05:01:06 Short Tandem Repeat
HLA-DQB1*03:03:02:02/HLA-DQB1*03:03:02:03 Polymorphism outside the sequenced region
HLA-DQB1*05:03:01:01/HLA-DQB1*05:03:01:02 Polymorphism outside the sequenced region
HLA-DRB1*03:01:01:01/HLA-DRB1*03:01:01:02 Short Tandem Repeat
HLA-DRB1*07:01:01:01/HLA-DRB1*07:01:01:02 Short Tandem Repeat
HLA-DRB1*13:01:01:01/HLA-DRB1*13:01:01:02 Short Tandem Repeat
HLA-DRB1*15:01:01:01/HLA-DRB1*15:01:01:02/HLA-DRB1*15:01:01:03 Short Tandem Repeat
HLA-DRB4*01:03:01:01/HLA-DRB4*01:03:01:03 Polymorphism outside the sequenced region

Alleles that could not be distinguished using the methods used for the 17th IHIW are reported as GL String formatted allelic ambiguities listed in
the first column. The allelic ambiguities are based on IPD-IMGT/HLA Database version 3.25.0. The reasons for the ambiguities are described in the
second column.
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HLA-A, HLA-C, HLA-B, HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DPA1
and HLA-DPB1 loci. This rule does not apply for the HLA-DRB3, HLA-
DRB4 and HLA-DRB5 loci, which may be legitimately hemizygous. With
a few exceptions, HLA-DRB3, HLA-DRB4 and HLA-DRB5 (HLA-DRB3/4/
5) alleles are strongly associated with specific HLA-DRB1 alleles in
haplotype groups defined by Andersson [19]. Table 3 shows the DRB
haplotype rules. HaplObserve applies these rules to decide the copy

numbers of HLA-DRB/3/4/5 alleles and which HLA-DRB3/4/5 alleles
are associated with which HLA-DRB1 alleles (Supplemental Table 5).
When an HLA-DRB1 and HLA-DRB3/4/5 genotype combination does
not follow the Andersson DRB haplotypes, HaplObserve does not force
this rule; it leaves the sorted results in step 4 (Section 2.2.2.4), and
generates a warning message for the user.

2.2.2.6. Pairwise correction. Tables 4A and 4B show two families in
which both parental and child single locus genotypes are completely
identical in a trio. In the case of such an uninformative trio, it is
impossible to separate the child HLA genotypes into unique parental
genotypes using a segregation strategy. Unlike the DRB haplotypes
described in Section 2.2.2.5, it is difficult to apply specific haplotype
rules for the other loci. However, it was possible to find one informative
trio that contains distinct genotypes for the specific locus when two or
more children are available in the same family (Table 4). When such
informative trios are found in a family, HaplObserve builds 2-locus
pairwise haplotypes with the neighboring locus alleles from the trio,
and deciphers the parental haplotypes. We implemented pairwise
correction for HLA-DPA1∼HLA-DPB1, HLA-B∼HLA-C, and HLA-
C∼HLA-A.

2.2.2.7. Haplotype validation. When two or more children are available
in a family, two or more sets of four haplotypes are independently built
based on the number of children (Fig. 2), and the set of two paternal
haplotypes for a child is compared to the other sets of paternal
haplotypes for other children in the same family. Similarly, the set of

Table 2
Resolving genotypic ambiguity.

A: Family2A

Subject Relationship Original Reduced

767 child DPB1*03:01:01+DPB1*05:01:01| DPB1*135:01+DPB1*104:01 DPB1*03:01:01+DPB1*05:01:01
768 child DPB1*03:01:01+DPB1*04:01:01|DPB1*124:01+DPB1*350:01 DPB1*03:01:01+DPB1*04:01:01
769 father DPB1*03:01:01+DPB1*13:01:01|DPB1*03:01:01+DPB1*107:01 DPB1*03:01:01+DPB1*13:01:01/DPB1*107:01
76A mother DPB1*04:01:01:01+DPB1*05:01:01 DPB1*04:01:01:01+DPB1*05:01:01

B: Family2B

Subject Relationship Original Reduced

2B1 child DPB1*05:01:01+DPB1*05:01:01 DPB1*05:01:01+DPB1*05:01:01
2B2 child DPB1*05:01:01+DPB1*135:01 DPB1*05:01:01+DPB1*135:01
2B3 child DPB1*05:01:01+DPB1*13:01:01/DPB1*107:01|DPB1*135:01+DPB1*519:01 DPB1*05:01:01+DPB1*13:01:01/DPB1*107:01
2B4 father DPB1*05:01:01+DPB1*135:01 DPB1*05:01:01+DPB1*135:01
2B5 mother DPB1*05:01:01+DPB1*13:01:01/DPB1*107:01|DPB1*135:01+DPB1*519:01 DPB1*05:01:01+DPB1*13:01:01/DPB1*107:01

C:

Family Subject Relationship Original Reduced

7457 158B child DPB1*02:01:02+DPB1*104:01|DPB1*124:01+DPB1*414:01 DPB1*02:01:02+DPB1*104:01
7457 158A mother DPB1*02:01:02+DPB1*104:01|DPB1*124:01+DPB1*414:01 DPB1*02:01:02+DPB1*104:01
7457 1589 father DPB1*02:01:02+DPB1*104:01|DPB1*124:01+DPB1*414:01 DPB1*02:01:02+DPB1*104:01
73 78B82 mother DPB1*04:01:01:01+DPB1*04:02:01:02|DPB1*105:01+DPB1*126:01 DPB1*04:01:01:01+DPB1*04:02:01:02
73 78B83 child DPB1*04:01:01:01+DPB1*04:02:01:02|DPB1*105:01+DPB1*126:01 DPB1*04:01:01:01+DPB1*04:02:01:02
73 78B84 father DPB1*04:01:01:01+DPB1*04:02:01:02|DPB1*105:01+DPB1*126:01 DPB1*04:01:01:01+DPB1*04:02:01:02
273 1934 child DPB1*03:01:01+DPB1*04:01:01:01|DPB1*124:01+DPB1*350:01 DPB1*03:01:01+DPB1*04:01:01:01
273 1935 father DPB1*03:01:01+DPB1*04:01:01:01|DPB1*124:01+DPB1*350:01 DPB1*03:01:01+DPB1*04:01:01:01
273 1936 mother DPB1*03:01:01+DPB1*04:01:01:01|DPB1*124:01+DPB1*350:01 DPB1*03:01:01+DPB1*04:01:01:01

The original HLA genotypes that are obtained from NGS HLA typing software applications are shown in the “Original” column. The prefix “HLA-” is omitted from
gene names in this table. Table 2A shows a family (Family2A) in which two children had genotypic ambiguities in their HLA-DPB1 genotypes. These genotype
ambiguities are not resolvable when these individual’s HLA genotypes are reviewed. When the father’s (HLA-DPB1*03:01:01+HLA-DPB1*13:01:01/HLA-
DPB1*107:01) and mother’s (HLA-DPB1*04:01:01:01+HLA-DPB1*05:01:01) genotypes are reviewed, the only possible genotypes for child1 and child2 are HLA-
DPB1*03:01:01+HLA-DPB1*05:01:01 and HLA-DPB1*03:01:01+HLA-DPB1*04:01:01, respectively. Table 2B shows another family (Family2B) in which a child
(2B3) and mother (2B5) share genotypic ambiguity. In Family2B, if subject 2B3 were the only child, then it would not be possible to resolve the genotypic ambiguity;
the genotypes of children 2B1 and 2B2 made it possible to establish haplotype phase. Table 2C: We identified four families in which all family members had the same
ambiguous HLA-DPB1 genotype. Of these four families, Table 2C shows three such families. The fourth family had the same HLA-DPB1 genotype as family 273, and
was omitted from the table. This is an uninformative genotype example, in which haplotypes cannot be built using segregation. HaplObserve selected the lowest-digit
allele name combination as a default.

Table 3
Andersson DRB haplotypes.

DRB1 DRB3 DRB4 DRB5

HLA-DRB1*01
HLA-DRB1*08
HLA-DRB1*10
HLA-DRB1*15 PRESENT
HLA-DRB1*16 PRESENT
HLA-DRB1*03 PRESENT
HLA-DRB1*11 PRESENT
HLA-DRB1*12 PRESENT
HLA-DRB1*13 PRESENT
HLA-DRB1*14 PRESENT
HLA-DRB1*04 PRESENT
HLA-DRB1*07 PRESENT
HLA-DRB1*09 PRESENT

PRESENT indicates that HLA-DRB3/4/5 loci are expected based on HLA-DRB1
alleles, while empty cells show the absence of HLA-DRB3/4/5 loci for haplo-
types including that HLA-DRB1 allele family.
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the mother’s haplotypes for a child is compared to the other sets of
mother’s haplotypes for other children. No matter how many children
are in the family, the parental haplotypes should be identical unless
chromosomal crossover occurred. It is possible to recognize a crossover
event in quartet families, but not possible to determine which of the
two children inherited the recombinant haplotype. For the families that
had more than two children, it is usually possible to identify the
parental haplotypes that participated in the crossover events. When the
parental haplotypes are consistent for all the children, HaplObserve
reports that the haplotype validation is true, indicating no crossover.
When HaplObserve reports that haplotype validation is false in a
quartet or larger family, it indicates a possible crossover, which

requires critical review of the resulting haplotypes. When only one
child is available in a family, the validation result is always false,
because there is no haplotype confirmation from additional children,
and it is not possible to identify crossover.

2.2.2.8. Output file format. HaplObserve generates CSV files in four
formats (Supplemental Tables 6–9), three of which include GL String
formatted allele-names: 1) “untruncated allele name” phased-
haplotypes (Supplemental Table 6), including allelic ambiguities; 2)
“unambiguous allele name” phased-haplotypes (Supplemental Table 7),
in which ambiguous allele strings are replaced with the allele with the
lowest digit in the highest common field; and 3) “two-field allele name”

Table 4A
Pairwise combination.

Sample Relationship HLA-DPA1 HLA-DPB1 Informative HLA-DPA1∼HLA-DPB1

4A1 child DPA1*01:03:01:02+
DPA1*01:03:01:04

DPB1*04:01:01:01+
DPB1*104:01

False DPA1*01:03:01:04∼
DPB1*04:01:01:01+
DPA1*01:03:01:02∼
DPB1*104:01

4A2 child DPA1*01:03:01:02+
DPA1*01:03:01:04

DPB1*04:01:01:01+
DPB1*104:01

False DPA1*01:03:01:04∼
DPB1*04:01:01:01+
DPA1*01:03:01:02∼
DPB1*104:01

4A3 mother DPA1*01:03:01:02+
DPA1*01:03:01:04

DPB1*04:01:01:01+
DPB1*104:01

DPA1*01:03:01:04∼
DPB1*04:01:01:01+
DPA1*01:03:01:02∼
DPB1*104:01

4A4 father DPA1*01:03:01:02+
DPA1*01:03:01:04

DPB1*04:01:01:01+
DPB1*104:01

DPA1*01:03:01:04∼
DPB1*04:01:01:01+
DPA1*01:03:01:02∼
DPB1*104:01

4A5 child DPA1*01:03:01:04+
DPA1*01:03:01:04

DPB1*04:01:01:01+
DPB1*04:01:01:01

True DPA1*01:03:01:04∼
DPB1*04:01:01:01+
DPA1*01:03:01:04∼
DPB1*04:01:01:01

The HLA-DPA1 and HLA-DPB1 columns show the original genotypes presented in GL String format. The prefix “HLA-” is omitted from gene names in this table. The
“Informative” column indicates whether the child genotypes are informative (True) or not (False) for building haplotypes using allele segregation. The maternal
(4A3), paternal (4A4) and two children’s (4A1 and 4A2) genotypes of these loci are completely identical. There are two possible haplotype combinations for mother
(4A3), father (4A4) and two children (4A1 and 4A2), thus it is not feasible to separate the children’s HLA alleles into unique parental alleles. These loci for these
family members contain uninformative genotypes. However, only one haplotype combination can be built using child 4A5’s genotype and the parents’. The hap-
lotypes are shown in bold and underlined characters. Each haplotype for 4A5 is inherited from the parents. When one haplotype is built for the parents, it is possible
to build the second haplotype for each parent by subtracting the first haplotype from the parental genotypes.

Table 4B
Pairwise combination.

Sample Relationship HLA-A HLA-C Informative HLA-A∼HLA-C

3FFE mother A*01:01:01:01+
A*24:02:01:01

C*08:02:01:02+
C*01:02:01

False A*01:01:01:01∼
C*08:02:01:02+
A*24:02:01:01∼
C*01:02:01

3FFD father A*01:01:01:01+
A*24:02:01:01

C*04:01:01:06+
C*12:02:02

False A*01:01:01:01∼
C*12:02:02+
A*24:02:01:01∼
C*04:01:01:06

4000 child A*01:01:01:01+
A*24:02:01:01

C*01:02:01+
C*12:02:02

False A*01:01:01:01∼
C*12:02:02+
A*24:02:01:01∼
C*01:02:01

3FFC child A*01:01:01:01+
A*24:02:01:01

C*08:02:01:02+
C*04:01:01:06

False A*01:01:01:01∼
C*08:02:01:02+
A*24:02:01:01∼
C*04:01:01:06

3FFF child A*01:01:01:01+
A*01:01:01:01

C*12:02:02+
C*08:02:01:02

True A*01:01:01:01∼
C*12:02:02+
A*01:01:01:01∼
C*08:02:01:02

It is not possible to build unambiguous HLA-A∼HLA-C haplotypes from children 4000 and 3FFC, because these two children and their parents have identical HLA-A
genotypes. However, it is possible to build a unique haplotype set from a trio with child 3FFF. HaplObserve builds HLA-A∼HLA-C haplotypes based on the trio with
child 3FFF, and uses the haplotype information to build haplotypes for the remaining two children.
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phased haplotypes (Supplemental Table 8), where all allele names have
been truncated to 2-fields. HaplOvserve also generates a summary CSV
file, which contains “Family_ID”, “Sample_ID”, “Relation”, “HLA-A”,
“HLA-C”, “HLA-B”, “HLA-DRB345”, “HLA-DRB1”, “HLA-DQA1”, “HLA-
DQB1”, “HLA-DPA1”, “HLA-DPB1”, “Validation”, and “Ethnicity/
Country” information in separate columns (Supplemental Table 9).

2.3. Updating HLA haplotype validator (HLAHapV)

HLAHapV was developed to automate the application of common
and well documented (CWD) allele prevalence data [20] and reference
haplotype frequency data for assessing haplotypes derived from HLA
genotypes and for calculating the likelihood of haplotype combinations
[8]. We used HLAHapV to evaluate the haplotypes generated by Hap-
lObserve, using reference haplotype frequency tables generated by the
National Marrow Donor Program (NMDP) [21][B]. We improved
HLAHapV by enhancing its performance, adding an XML output format

(SupplementalHLAHapV) and packaging the program for easy in-
stallation. The software accommodates any HLA loci for which re-
ference haplotype frequencies are provided, permitting any properly
formatted source data to be used. HLAHapV accepts GL String for-
matted HLA genotypes as input [8]. The GL Strings can be organized in
a tab or comma separated text file or directly imported from His-
toimmunogenetics Markup Language (HML) [17] documents generated
from the NGS HLA typing software applications. In addition to vali-
dating haplotypes derived from HLA genotypes, HLAHapV can also
function as a batch-enabled haplotype estimator. Therefore, the soft-
ware can be potentially used to automate the estimation of haplotype
combinations that are often included in a clinical test report for solid
organ and hematopoietic stem cell transplantation. The HLAHapV
package and its instructions can be obtained from GitHub [C].

2.3.1. Haplotype confirmation
We estimated six-loci (HLA-A∼HLA-C∼HLA-B∼HLA-DRB3/4/

5∼HLA-DRB1∼HLA-DQB1) g group haplotypes [21] using HLAHapV,
and compared these with those built using HaplObserve. We were able
to correlate almost all of the haplotypes built using HaplObserve with
haplotypes estimated using HLAHapV except for the individuals who
had rare alleles listed in Table 5.

2.3.2. Haplotype adjustment
We visually inspected haplotypes from 204 nuclear families con-

sisting of 820 subjects. When errors were found (Table 6), haplotypes
were manually corrected.

2.4. Calculation of haplotype frequencies

As noted in Section 2.2, HaplObserve can process multi-family data,
separate subjects by a specified ethnic group or country, and combine
the output data using a single command. We separated data by ethnic
group at the subject level, because there are families in which the
parents have different ethnic backgrounds. HaplObserve generates a
report containing haplotype counts, frequencies, and haplotype rank-
ings within the specified ethnic group. These ranking data allow easy
comparison of haplotype frequencies between different ethnic groups.
Haplotypes containing missing alleles (“NT”) or alleles that were dis-
cordant (denoted as “NoMatch”) are excluded when haplotype counts
and frequencies are estimated.

2.5. Calculation of LD

We treated the parents in each family as unrelated individuals for
the final haplotype analyses. We developed the “Phased Or Unphased
LD” (pould) R package, which accepts either “unambiguous” or “two-
field” allele name HaplObserve output file formats. When these files are
provided as input, pould calculates D′ [22] and Wn [23], standard
measures of global (locus-level) LD, and WLoc1/Loc2 and WLoc2/Loc1, the
complementary pair of conditional asymmetric LD (ALD) measures
[24,25]. Pould calculates D′,Wn,WLoc1/Loc2 andWLoc2/Loc1 using phased
haplotype information by default or can calculate these measures for
EM haplotypes estimated by regenerating the genotypes from the
phased HaplObserve output, via an optional argument.

The ALD approach permits the dissection of LD for locus pairs where
alleles at the first locus might be in complete LD with alleles at the
second locus, but where alleles at the second locus may be in less than
complete LD with alleles at the first locus. We also used pould to per-
form sign tests to compare the measures of LD from phased haplotypes
and unphased haplotypes. The pould R package is available for down-
load from GitHub [D].

2.5.1. Pould data requirements
Pould requires GL Strings consisting of two tilde (∼) delimited HLA

haplotypes connected by a plus (+) sign as input, and requires HLA

Table 5
Rare alleles that could not be used to estimate haplotypes using HLAHapV.

HLA-A*11:199:01
HLA-A*24:284
HLA-B*07:238
HLA-B*40:320
HLA-B*41:18
HLA-B*55:67
HLA-C*06:116N
HLA-C*14:18
HLA-DQB1*06:84
HLA-DRB1*08:77
HLA-DRB1*09:21

It was not possible to estimate haplotypes from the individuals who had these
alleles using HLAHapV, because these alleles did not belong to any g group.

Fig. 2. A pedigree of a quartet family is shown with father, mother and two
children as indicated with thin solid lines. A set of parental haplotypes is built
from Trio1 with father, mother and child1, as shown with a black bold triangle.
A second set of parental haplotypes is built independently from Trio2 with
father, mother and child2, as shown with a gray bold dotted triangle. The re-
sulting two sets of parental haplotypes are compared for validation; both sets of
parental haplotypes are identical if no meiotic crossover event occurred in ei-
ther of the children. This validation facilitates identification of not only a re-
combination event but also inconsistent HLA allele segregation within the same
haplotype due to HLA typing errors.
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allele names that include complete locus prefixes (e.g., “HLA-A”, “HLA-
DRB3”); pould parses these prefixes to identify each locus, but does not
perform any additional parsing or validation of HLA allele names. Pould
treats unusual allele names (e.g., “HLA-DRB1*NoMatch”, “HLA-
DPB1*NT”) and truncated versions of allele names (“HLA-A*01”, “HLA-
A*01:01”, “HLA-A*01:01:01”, etc.) as discrete alleles. The analysis of
these unusual allele names or different truncated versions of the same
allele name may skew the analytic results, and any inferred parental
genotypes that included an allele coded as “NT” were excluded analyses
performed with pould.

2.6. Computer operating systems

We tested HaplObserve, HLAHapV and pould on Windows 7, Mac
OS X Version 10.9.5 and Linux Red Hat Enterprise Linux Server release
6.4 (version 2.6.32–358.el6.x86_64) operating systems; all of these
tools perform as described on these operating systems. The authors
welcome comments and feedback from the community on these tools,
and will continue to optimize and improve them.

2.7. Software tools validation

The software tools and functions described in Sections 2.3 to 2.5
were validated iteratively, as the data issues described in each section
were encountered and addressed. HaplObserve was developed using a
set of 820 subjects in 204 nuclear families. The haplotypes generated
for each subject were visually inspected during each development
iteration. We used HLAHapV to validate the haplotypes generated by
HaplObserve, using CWD prevalence data and the NMDP reference
haplotype frequencies to detect potential unexpected HaplObserve-
generated haplotypes. Rules we developed to address specific circum-
stances encountered during this validation process are discussed in
Section 3.1.

The pould cALD() and LDWrap() functions were validated using the
hla.freqs [E] and snp.freqs [26] datasets included with the R asymLD
package [F] [25], as well as a publically available HLA dataset (in-
cluded in the pould package) [27], to ensure that identical LD values
were generated by pould’s cALD() and asymLD’s compute.ALD() func-
tions. The LDWrap() function was further validated on the 820 subjects
described above, to ensure reporting accuracy.

3. Results

3.1. HaplObserve optimization and validation

As noted in Section 2.7, haplotypes for 802 subjects in 204 nuclear
families were applied to develop and optimize HaplObserve. As a result
of this optimization process, we implemented a set of rules defining
locus-specific exceptions associated with specific categories of HLA
genotyping results.

We set a “perfect match” requirement for class I genes (aka, “perfect
match rule”), but accepted two-field allele name concordance for class

II genes (aka, “two-field match rule”), except for HLA-DPA1 and HLA-
DPB1 (discussed below). For HLA-DRB3/4/5, HLA-DRB1, HLA-DQA1
and HLA-DQB1 loci, HaplObserve reports ambiguous alleles for children
when untruncated HLA allele names are inconsistent but concordant for
their two-field allele names. For example, if a child’s allele is reported
as HLA-DQA1*01:03:01:02 and the corresponding parental allele as
HLA-DQA1*01:03:01:01, then HaplObserve reports the child’s allele as
HLA-DQA1*01:03:01:01/HLA-DQA1*01:03:01:02. In these cases, the
user needs to decide whether the ambiguities are acceptable or if HLA
genotypes should be corrected.

In addition, we implemented a pairwise haplotype correction step.
HaplObserve reports errors when inconsistent allele segregation occurs
for the HLA-A, HLA-C, HLA-B, HLA-DPA1 and HLA-DPB1 loci. We
decided to implement perfect match rules for HLA-DPA1 and HLA-
DPB1. We found that all NGS HLA typing software applications had
difficulties calling common five HLA-DPA1 alleles, HLA-
DPA1*01:03:01:01, HLA-DPA1*01:03:01:02, HLA-DPA1*01:03:01:03,
HLA-DPA1*01:03:01:04 and HLA-DPA1*01:03:01:05, as heterozygous,
although the heterozygous genotype options were usually displayed in
the applications’ graphical interfaces. In our experience, it was possible
to distinguish these five HLA-DPA1 alleles that differ in the fourth-field.
It was difficult to build correct HLA-DPA1∼HLA-DPB1 haplotypes using
allele segregation if a two-field match rule was applied to HLA-DPA1
locus, because these five HLA-DPA1 alleles are two-field concordant.
Therefore, the two-field concordant rules are not applicable for HLA-
DPA1∼HLA-DPB1, and HaplObserve requires perfect HLA-DPA1 and
HLA-DPB1 genotype matches between a child and its parents.

3.2. Genotypic ambiguity

HaplObserve chooses the lowest-digit allele name combination as
the priority HLA genotype if genotypic ambiguity is not resolved due to
the lack of informative family members. We investigated whether this
process would influence the overall haplotype frequency calculation.
We reviewed HLA-DPB1 genotypes for 4949 samples from 1442 nuclear
families that were registered for various projects in the 17th IHIW da-
tabase (Section 2.1.1). There were 488 families that contained geno-
typic ambiguity genotypes that could not be converted to be allelic
ambiguities for at least one family member. In 484 of 488 families
(> 99%), HaplObserve identified a single allele combination by re-
viewing all the genotypes in the family and assessing segregation
(Table 2AB), and using pairwise correction (Table 4). The lowest-digit
alleles were segregated to the offspring for all the 484 families. We
identified only four families that had uninformative HLA-DPB1 geno-
types in which all family members had the same ambiguous HLA-DPB1
genotype (Table 2C); in these cases, HaplObserve selected the lowest-
digit allele name combination as a default.

3.3. Haplotype adjustment

We also found that in 7 families it was not feasible to automatically
assign the correct haplotypes using current HaplObserve. Table 6A

Table 6A
Manually edited HLA-DRB1∼HLA-DQB1 haplotypes.

Sample Relation HLA-DRB1 HLA-DQB1 HLAHapV Final

4584 child DRB1*08:04:01+
DRB1*15:03:01:01

DQB1*03:19:01+
DQB1*06:02:01

DRB1*08:04∼DQB1*03:01g+
DRB1*15:03∼DQB1*06:02

DRB1*08:04:01∼DQB1*03:19:01+
DRB1*15:03:01:01∼DQB1*06:02:01

4585 child DRB1*15:03:01:01+
DRB1*11:02:01

DQB1*03:19:01+
DQB1*06:02:01

DRB1*15:03∼DQB1*06:02+
DRB1*11:02∼DQB1*03:01g

DRB1*15:03:01:01∼DQB1*06:02:01+
DRB1*11:02:01∼DQB1*03:19:01

4582 father DRB1*08:04:01+
DRB1*15:03:01:01

DQB1*03:19:01+
DQB1*06:02:01

DRB1*08:04∼DQB1*03:01g+
DRB1*15:03∼DQB1*06:02

DRB1*08:04:01∼DQB1*03:19:01+
DRB1*15:03:01:01∼DQB1*06:02:01

4583 mother DRB1*15:03:01:01+
DRB1*11:02:01

DQB1*03:19:01+
DQB1*06:02:01

DRB1*15:03∼DQB1*06:02+
DRB1*11:02∼DQB1*03:01g

DRB1*15:03:01:01∼DQB1*06:02:01+
DRB1*11:02:01∼DQB1*03:19:01
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shows a family that had uninformative HLA-DQB1 genotypes, in which
haplotypes cannot be built using segregation. Table 6B shows a family
that had uninformative HLA-B genotypes. Similar to the family in
Table 6A, we applied HLAHapV to identify known haplotypes for these
uninformative segregation cases. Initially, HLAHapV failed to assign
haplotypes with HLA-C*02:10:01:01, and only a single likely HLA-
C∼HLA-B haplotype (HLA-C*04:01g∼HLA-B*53:01) was identified.
HLA alleles with identical nucleotide sequences of exons 2 and 3 for
class I and exon 2 for class II are organized as G groups, while HLA
alleles with identical amino acid sequences of these exons are sum-
marized as P groups [28]. HLA alleles were also organized as g (lower
case) groups, which are equivalent to P groups including null alleles
[8,29]. HLAHapV uses a g group conversion table [8,21,29]. HLA-
C*02:10 was renamed from HLA-C*02:02:04 in 2006, thus HLA-
C*02:10:01:01 conversion failed, because this allele name change did
not follow the g group rule. The NMDP haplotype frequency tables do
not contain any haplotypes that include HLA-C*02:10, though they
contain haplotypes that include HLA-C*02:02g [21]. We incorporated
an exception to the g group conversion rule allowing HLA-C*02:10 to
be converted to HLA-C*02:02g (Table 6B), in order to achieve con-
sistency with historical NMDP practice when using these frequencies.

Tables 6C and 6D show two families for which inconsistent haplo-
types were built among children using HaplObserve (Tables 6C and
6D). The inconsistencies were not due to chromosomal crossover. The
inconsistencies were between HLA-DQB1 and HLA-DPA1∼HLA-DPB1
haplotypes. It was not possible to use the NMDP haplotype frequency
tables for these families, because they do not contain information about
HLA-DPA1 and HLA-DPB1. When inconsistent haplotypes were built
within the same family, HaplObserve indicated “false” for validation
results. We carefully reviewed the families that contained false vali-
dation results, and manually corrected the haplotypes if possible. It is
very important to review the validation results for each family.

3.4. Measures of LD from phased and unphased haplotypes

We initially validated pould using the test dataset of 838 published
HLA-DRB1∼HLA-DQB1 haplotypes for 419 individuals [27] included in
the package. We then calculated D′, Wn, WLoc1/Loc2 and WLoc2/Loc1 from
both phased haplotypes built from families using HaplObserve and EM-
estimated haplotypes built by pould assuming no phase between loci.
During the validation of pould, we observed that LD measures for EM-
estimated unphased haplotypes were generally higher than those
measures for their phased haplotype counterparts. For the test HLA-
DRB1∼HLA-DQB1 dataset included in the package, pould built 53
unique EM haplotypes, while the dataset includes 105 unique phased
haplotypes. Five EM haplotypes were not found among the phased
haplotypes, while 48 phased haplotypes were not found among the EM
haplotypes. These 48 phased haplotypes are rare (counts 1–3), in-
dicating that the EM algorithm is returning fewer low frequency hap-
lotypes than are present in the phased data. The EM algorithm thus
underestimates the frequency of rare (n < 4) haplotypes, thereby
overestimating the LD of those 2-locus haplotypes.

To further investigate the phenomena of overestimation of LD for
EM estimated haplotypes, we calculated measures of LD for all possible
2-locus phased and unphased haplotypes built from 17th IHIW families
using pould. We compared measures of LD values of 2-locus haplotypes
for both phased and unphased haplotypes, and performed sign tests of
the differences between the LD measures (Table 7). It is apparent that
the differences between LD values for the phased and unphased hap-
lotypes trends significantly toward higher LD values for unphased
haplotypes, and the number of 2-locus haplotypes trends toward lower
numbers of unphased haplotypes than phased. The majority of p-values
from the sign test are statistically significant (p < 0.05), except for the
family haplotypes from Austria, Egypt and Switzerland. The number of
families analyzed for these countries were small (10, 14 and 11

Table 6B
Manually edited HLA-C∼HLA-B haplotypes.

Sample Relation HLA-C HLA-B HapV (g group) HapV (IHIW) Final

769 child C*02:10:01:01+
C*04:01:01:01

B*15:03:01:02+
B*53:01:01

C*02:02g∼B*15:03g+
C*04:01g∼B*53:01

C*02:10:01:01∼B*15:03:01:02+
C*04:01:01:01∼B*53:01:01

C*02:10:01:01∼B*15:03:01:02+
C*04:01:01:01∼B*53:01:01

765 child C*02:10:01:01+
C*04:01:01:01

B*15:03:01:02+
B*53:01:01

C*02:02g∼B*15:03g+
C*04:01g∼B*53:01

C*02:10:01:01∼B*15:03:01:02+
C*04:01:01:01∼B*53:01:01

C*02:10:01:01∼B*15:03:01:02+
C*04:01:01:01∼B*53:01:01

766 child C*02:10:01:01+
C*04:01:01:01

B*15:03:01:02+
B*53:01:01

C*02:02g∼B*15:03g+
C*04:01g∼B*53:01

C*02:10:01:01∼B*15:03:01:02+
C*04:01:01:01∼B*53:01:01

C*02:10:01:01∼B*15:03:01:02+
C*04:01:01:01∼B*53:01:01

76A child C*02:10:01:01+
C*07:18

B*15:03:01:02+
B*53:01:01

C*02:02g∼B*15:03g+
C*07:01g∼B*53:01

C*02:10:01:01∼B*15:03:01:02+
C*07:18∼B*53:01:01

C*02:10:01:01∼B*15:03:01:02+
C*07:18∼B*53:01:01

767 mother C*02:10:01:01+
C*07:18

B*15:03:01:02+
B*53:01:01

C*02:02g∼B*15:03g+
C*07:01g∼B*53:01

C*02:10:01:01∼B*15:03:01:02+
C*07:18∼B*53:01:01

C*02:10:01:01∼B*15:03:01:02+
C*07:18∼B*53:01:01

768 father C*02:10:01:01+
C*04:01:01:01

B*15:03:01:02+
B*53:01:01

C*02:02g∼B*15:03g+
C*04:01g∼B*53:01

C*02:10:01:01∼B*15:03:01:02+
C*04:01:01:01∼B*53:01:01

C*02:10:01:01∼B*15:03:01:02+
C*04:01:01:01∼B*53:01:01

Table 6C
Manually edited HLA-DQB1∼HLA-DPA1∼HLA-DPB1 haplotypes.

Sample Relation Likely incorrect Corrected

715 child DQB1*05:02:01∼DPA1*01:03:01:02∼DPB1*04:01:01:01+
DQB1*03:02:01∼DPA1*01:03:01:02∼DPB1*104:01

DQB1*05:02:01∼DPA1*01:03:01:02∼DPB1*104:01+
DQB1*03:02:01∼DPA1*01:03:01:02∼DPB1*04:01:01:01

716 child DQB1*05:02:01∼DPA1*01:03:01:02∼DPB1*104:01+
DQB1*03:01:01:02∼DPA1*01:03:01:02∼DPB1*104:01

DQB1*05:02:01∼DPA1*01:03:01:02∼DPB1*104:01+
DQB1*03:01:01:02∼DPA1*01:03:01:02∼DPB1*104:01

717 father DQB1*03:02:01∼DPA1*01:03:01:02∼DPB1*04:01:01:01+
DQB1*03:01:01:02∼DPA1*01:03:01:02∼DPB1*104:01

DQB1*03:02:01∼DPA1*01:03:01:02∼DPB1*04:01:01:01+
DQB1*03:01:01:02∼DPA1*01:03:01:02∼DPB1*104:01

718 mother DQB1*05:02:01∼DPA1*01:03:01:02∼DPB1*104:01+
DQB1*05:01:01:03∼DPA1*01:03:01:02∼DPB1*04:01:01:01

DQB1*05:02:01∼DPA1*01:03:01:02∼DPB1*104:01+
DQB1*05:01:01:03∼DPA1*01:03:01:02∼DPB1*04:01:01:01
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respectively), which is likely the major factor contributing to the non-
significant sign test results. This phenomenon is more pronounced
where 2-locus LD is weaker, such as for HLA-A∼HLA-C, HLA-B∼HLA-
DRB1 and HLA-DQB1∼HLA-DPA1. The weaker LD indicates more
haplotype variations or more rare combinations of these loci (data not
shown).

4. Discussion

We developed and updated three computational tools for analyzing
family-based HLA haplotypes.

In developing HaplObserve, we had to make a few assumptions and
use knowledge that has been accumulated during the 17th IHIW to
account for allele and genotype reporting variation among NGS HLA
genotyping software applications. The DRB haplotype adjustment in
HaplObserve was essential for building accurate haplotypes, as no NGS
HLA genotyping software application currently reports copy numbers of
HLA-DRB3/4/5 loci correctly. HaplObserve modifies the copy number
of HLA-DRB3/4/5 loci based on HLA-DRB1 genotypes (Table 3 and
Supplemental Table 5). It is, however, the end user’s responsibility to
review HLA-DRB3/4/5 copy numbers, since it is impossible to predict
all unusual haplotypes that may not follow Andersson’s DRB haplotype
rule [19].

The pairwise analysis was especially useful for building HLA-
DPA1∼HLA-DPB1 haplotype segments (Table 4A). We also im-
plemented a haplotype validation step for cases when two or more
children and both parents are present in a family (Fig. 2). This vali-
dation has been helpful for identifying situations that cannot be ex-
plained without chromosomal crossover and/or potential HLA geno-
typing errors. Historically, HLA genotyping has been focused on
returning two-field level allele names, with much less effort given to
eliminating ambiguity in the third and fourth fields. HLA genotype
errors appear to occur most frequently in the fourth field of HLA-DPA1.
We noticed that current NGS HLA genotyping software applications
tend to assemble consensus sequences for single HLA-DPA1 alleles. We
suggest that there remains room for improvement for the current NGS
HLA genotyping systems, as the process of capturing intron sequences is
still evolving. HaplObserve does not work unless consistent HLA gen-
otypes are provided within families. In other words, building

haplotypes from families using HaplObserve requires clean data sets
that have no genotype discordances/dropouts. If even a single locus
genotype dropout existed for one of the family members, HaplObserve
would either fail to build haplotypes for the family or report “NoMatch”
for the locus. This is a consequence of building haplotypes using allele
segregation from families. In our experience, the most time-consuming
part of building HLA haplotypes from families was to identify and
correct the allele name inconsistencies in a family. In contrast, the EM
estimation of haplotypes is more tolerant to missing information, and
new methods have extended the EM approach to allow the imputation
of haplotypes from genotype data including ambiguous genotypes and
data of multiple allele name resolutions [30,31]. Haplotypes have been
built from unrelated subjects using EM estimation as part of another
17th IHIW project, and the haplotype frequency tables are available
from the 17th IHIW website [G].

For the 17th IHIW projects, we applied these tools to build haplo-
types for 1017 subjects in 263 families collected from the US clinical
laboratories (Osoegawa et al., submitted). Additionally, HaplObserve
has been used to build haplotypes for additional 630 families from the
various 17th IHIW projects (Osoegawa et al., manuscript in prepara-
tion), and the haplotype frequency tables are available from the 17th
IHIW website [G].

As the IHIW efforts continue and the community accumulates more
high-quality NGS HLA genotype data, the tools described here can be
used to enrich and improve our knowledge of HLA haplotypes. After
four decades of investigation, we have assessed only a small fraction of
the HLA diversity of the human population. Calculating and comparing
LD from different populations will enrich our knowledge about HLA
haplotypes, and the evolution and migration of human populations.
Finally, these tools can be used to reproduce multi-locus analysis results
and expand our knowledge in the same manner in the future.
Computational tools are essential component of reproducible science
and enrich our knowledge.
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Table 6D
Manually edited HLA-DQB1∼HLA-DPA1∼HLA-DPB1 haplotypes.

Sample Relation Likely incorrect Corrected

10C3 child DQB1*02:01:01∼DPA1*01:03:01:03∼DPB1*06:01:01+
DQB1*03:02:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02

DQB1*02:01:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02+
DQB1*03:02:01∼DPA1*01:03:01:03∼DPB1*06:01:01

10C7 child DQB1*02:01:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02+
DQB1*04:02:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02

DQB1*02:01:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02+
DQB1*04:02:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02

10C4 father DQB1*02:01:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02+
DQB1*03:02:01∼DPA1*01:03:01:03∼DPB1*06:01:01

DQB1*02:01:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02+
DQB1*03:02:01∼DPA1*01:03:01:03∼DPB1*06:01:01

10C5 mother DQB1*04:02:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02+
DQB1*03:02:01∼DPA1*01:03:01:03∼DPB1*06:01:01

DQB1*04:02:01∼DPA1*01:03:01:05∼DPB1*04:02:01:02+
DQB1*03:02:01∼DPA1*01:03:01:03∼DPB1*06:01:01

Table 6A shows a family that had two children, a father and a mother, all of whom had identical HLA-DQB1 genotypes. This is an uninformative genotype example, in
which haplotypes cannot be built using segregation. In this case, we applied HLAHapV to review known haplotypes in order to identify the most likely HLA-
DRB1∼HLA-DQB1 haplotypes [8]. The “HLAHapV” column shows the high priority haplotypes. The “Final” column shows the manually edited haplotypes based on
the HLAHapV results. We confirmed the haplotypes by executing HLAHapV using the haplotype frequency tables from the IHIW17 Family Haplotype Project (data
not shown).
Table 6B shows another uninformative family of three children and both parents, all of whom had identical HLA-B genotypes. Similar to Table 6A, we initially applied
HLAHapV using a g group haplotype table to identify known haplotypes for these uninformative segregation cases [column “HapV (g group)”]. Later we performed
HLAHapV analyses using the accumulated haplotypes of the IHIW17 Family Haplotype Project to identify the most likely haplotypes for these uninformative
segregation cases [column “HapV (IHIW)”]. Tables 6C and 6D show families for which haplotypes were manually corrected after visual inspection. The HLA-
DQB1∼HLA-DPA1∼HLA-DPB1 haplotype frequency is not available from NMDP.
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Table 7
Sign Test Comparisons of LD Measures in Phased and Unphased Haplotypes.

Ethnicity/Country D′ Wn WLoc1/Loc2 WLoc2/Loc1 N_Haplotypes

African American
2 N=144

unphased > phased 44 42 45 46 12
unphased= phased 5 4 4 4 7
locus pairs 55 55 55 55 55
p-values 8.70E-06 0.000114 2.06E-06 4.34E-07 3.31E-05

European American
2 N=424

unphased > phased 48 45 49 47 15
unphased= phased 2 2 2 2 5
locus pairs 55 55 55 55 55
p-values 1.31E-08 2.06E-06 1.82E-09 8.07E-08 0.001016

Asian American
2 N=230

unphased > phased 42 42 43 44 17
unphased= phased 2 2 2 2 8
locus pairs 55 55 55 55 55
p-values 0.000114 0.000114 3.31E-05 8.70E-06 0.006456

Hispanic
2 N=232

unphased > phased 43 45 45 43 16
unphased= phased 1 1 2 2 6
locus pairs 55 55 55 55 55
p-values 3.31E-05 2.06E-06 2.06E-06 3.31E-05 0.002667

ARGENTINA
2N=348

unphased > phased 43 49 46 46 18
unphased= phased 0 0 0 0 2
locus pairs 55 55 55 55 55
p-values 3.31E-05 1.82E-09 4.34E-07 4.34E-07 0.014454

AUSTRIA
2N=40

unphased > phased 34 42 37 39 20
unphased= phased 7 6 10 10 16
locus pairs 55 55 55 55 55
p-values 0.104789 0.000114 0.014454 0.002667 0.058064

CHINA
2N=932

unphased > phased 15 14 15 15 1
unphased= phased 0 0 0 0 1
locus pairs 15 15 15 15 15
p-values 6.10E-05 0.000977 6.10E-05 6.10E-05 0.000977

CZECH REPUBLIC
2 N=336

unphased > phased 48 51 48 49 16
unphased= phased 1 1 2 2 7
locus pairs 55 55 55 55 55
p-values 1.31E-08 2.05E-11 1.31E-08 1.82E-09 0.002667

EGYPT
2N=56

unphased > phased 35 33 33 33 21
unphased= phased 10 9 10 9 13
locus pairs 55 55 55 55 55
p-values 0.058064 0.177001 0.177001 0.177001 0.104789

GERMANY
2N=276

unphased > phased 47 49 48 48 11
unphased= phased 4 3 4 4 8
locus pairs 55 55 55 55 55
p-values 8.07E-08 1.82E-09 1.31E-08 1.31E-08 8.70E-06

GREECE
2N=100

unphased > phased 41 44 42 42 16
unphased= phased 7 7 7 7 15
locus pairs 55 55 55 55 55
p-values 0.000355 8.70E-06 0.000114 0.000114 0.002667

ITALY
2N=268

unphased > phased 21 21 21 21 0
unphased= phased 0 0 0 0 0
locus pairs 21 21 21 21 21
p-values 9.54E-07 9.54E-07 9.54E-07 9.54E-07 9.54E-07

KUWAIT
2N=116

unphased > phased 41 44 42 44 13
unphased= phased 5 5 6 6 11
locus pairs 55 55 55 55 55
p-values 0.000355 8.70E-06 0.000114 8.70E-06 0.000114

SWITZERLAND
2N=44

unphased > phased 36 33 38 36 19
unphased= phased 9 9 10 10 18
locus pairs 55 55 55 55 55
p-values 0.030029 0.177001 0.006456 0.030029 0.030029

The “locus pairs” rows show the total number of locus pairs built for the ethnic group or country. The “unphased > phased” rows indicate the number of locus pair
where value of each category shown at the top for unphased haplotypes is larger than that for phased. The “unphased=phased” rows indicate the number of locus
pairs where the value of each category for both unphased and phased haplotypes are equal. For example, 44 in the “unphased > phased” row and D′ column means
that 44 of 55 locus pairs had higher D′ value for unphased haplotypes; 5 in the “unphased= phased” row and D′ column indicates that 5 of 55 locus pairs had equal
value. Sign tests were performed, and p-values are shown for each category. The uncorrected threshold of significance for these p-values is 0.05. Correcting for 14
comparisons in each category [32], the threshold of significance is 3.57E-03; p-values below this threshold are underlined. Correcting for all 70 comparisons in the
table, the threshold of significance is 7.14E-04; p-values below this threshold are shown in bold.
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