Human Immunology 80 (2019) 955-965

journal homepage: www.elsevier.com/locate/humimm

Contents lists available at ScienceDirect

Human Immunology

=

"~ Human
Immunology

Next generation sequencing and the classical HLA loci in full heritage Pima
Indians of Arizona: Defining the core HLA variation for North American

Paleo-Indians

Check for
updates

Robert C. Williams®*, William C. Knowler?, Alan R. Shuldiner”, Nehal Gosalia®,
Cristopher Van Hout”, Regeneron Genetics Center”, Robert L. Hanson?, Clifton Bogardus®”,

Leslie J. Baier®

@ Phoenix Epidemiology and Clinical Research Branch, NIH, NIDDK, Phoenix, AZ 85014, United States

bRegeneron Genetics Center, Tarrytown, NY 10591, United States

ABSTRACT

The Pima Indians of the Gila River Indian Community in Arizona have participated in a long-range study of type 2 diabetes mellitus since 1965 and have been the
subject of HLA typing and population studies since the early days of serological assays. These data have been in numerous HLA workshops and conferences and have
been the source of at least five novel alleles at the classical HLA loci. In recent time nearly the entire study group was subject to next generation sequencing by whole
genome or exome technologies, which has allowed us to HLA type over 3000 full heritage persons with recently developed computer algorithms. We present here the
results for the classical HLA Loci: HLA-A, B, C, DRA, DRB1, DRB3, DRB4, DRB5, DPA1, DPB1, DQA1, and DQBI to the third field of resolution for synonymous alleles
and type the likely four field resolution alleles from the subset of whole genome sequences. Allele frequencies, and haplotype frequencies at up to five loci, are
presented as well as measures of population structure and heterozygosity. We define a core set of HLA variation that approximates the distribution for the Paleo-
Indians and impute nine-locus, 4-field haplotypes that are expected to be common in full heritage peoples.

1. Introduction

Since the very early years of HLA serological typing and population
studies, the Pima Indians of the Gila River Indian Community in
Arizona have been represented in HLA workshops, conferences, and
population studies and have been the source of at least five new HLA
allele designations [1-3]. The many full Pima heritage members of the
community have been designated as the best contemporary American
Indian architype of the Paleo-Indians [4]. This community is closely
related—historically, culturally and biologically—with the Tohono
O’odham Nation in southern Arizona and many people in the Gila River
Indian Community share heritages from both tribes [5-7]. The Pima
Indians have also participated in a long-range study of type 2 diabetes
mellitus and obesity conducted by the Intramural Program of the Na-
tional Institute of Diabetes and Digestive and Kidney Diseases [8,9]. As
part of this study, DNA has been isolated and characterized by genome
wide association studies and whole genome and/or exome sequencing
to discover the genetic component for these disorders. Our intent in this
paper is to present the results of HLA typing for the classical loci from
the DNA sequences of full Pima heritage persons in the Gila River In-
dian Community, to characterize the alleles at the third field of

resolution, and to impute the four field haplotype combinations that
constitute the most common HLA variation in full heritage Pima In-
dians. The ultimate purpose of the extended HLA typing is to provide
the information needed for large, powerful HLA-disease association
studies in the Pima [10-13].

2. Materials and methods
2.1. Sample

All persons with full, stated American Indian heritage from either
the Pima or the Tohono O’odham tribes, whose DNA had been char-
acterized by either whole genome or exome typing were included in the
analysis and will be referred to as “Pima”.

2.2. DNA sequencing

Whole-genome sequencing (30 x average coverage) was performed
by [lumina FastTrack Sequencing Services (San Diego, USA) [14]. The
reads were aligned to the human genome reference GRCh37 using BWA
software (version 0.7.15). Whole-exome sequencing (WES) was
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performed by Regeneron Genetics Center (Tarrytown, NY). Targeted
exonic regions were captured using a slightly modified version of the
xGen probe library (Integrated DNA Technologies). Captured DNA was
PCR amplified and sequenced with v4 chemistry using 75 bp paired-end
reads on the [llumina HiSeq 2500. WES was performed such that >85%
of targeted bases are covered at >20 X depth.

2.3. HLA typing

HLA typing was performed by versions 1.7 and 2.0 of the Explore
software from Omixon Corporation [15]. The algorithm HLA Explore
uses in this process is called the gene filtering algorithm. The sole goal
is to determine if a read pair is mappable to any of the alleles contained
in the IMGT/HLA database. It will select those read pairs where at least
one of the reads can be aligned with no more than three mismatches
and one soft-clip to at least one allele in the database and the or-
ientation of the mapped reads is forward-reverse if both reads in the
pair are aligned. Pairs that can be mapped only with indels are also
discarded. The selected reads will be saved in the FASTQ file pair.

The algorithm used here is called the statistical genotyping algo-
rithm (SG). It is an alignment-based algorithm that aligns every read
pair to all alleles in the IMGT/HLA database and selects a best matching
allele pair based on various measures. The first step of the algorithm is
the short-read alignment. The software aligns all read pairs to all of the
sequences in the IMGT/HLA database. Read pairs with no or very few
mismatches (allowing for soft clips at read ends) will get an “alignment
score” for each allele depending on the number of mismatches. A read
pair will be assigned to the allele(s) with the best alignment score. Any
read pair that cannot be aligned to an allele without indels, or contains
too many mismatches, will be discarded. Reads that align equally well
to different loci (cross-mapping reads) will also be discarded.

The second step of the algorithm is the best match selection. Best
matching allele pairs (or best matches) are the top allele pairs that are
considered the most likely correct typing results based on allele align-
ment statistics. Best matching allele pairs are selected in multiple steps:

1. A short list of allele candidates is created based on supporting reads.
(Filtering out alleles that do not meet the minimum requirements,
eg. parts of the key exons are not covered by any reads or supported
by a low number of unique reads)

. Allele pair candidates are generated using all possible combinations
of the alleles selected in the previous steps.

. Each allele pair candidate is compared to every other allele pair
candidate. (Since the IMGT/HLA database contains a high number
of partially defined alleles (eg. only the exon 2 and 3 regions are
defined), we have developed a sophisticated alignment scoring
system to balance out the differences between the partially defined
and fully defined alleles.

. The top allele pairs are selected based on the results of the pairwise
comparison. (eg. a similar percentage of bases covered but better
coverage depth will be preferred)

The resulting file will contain the list of best matching alleles and a
graphical representation of how the read pairs from the sample align to
the reference sequences.

2.4. Statistics

Data analysis was performed at the amino acid field of resolution,
unless the 3-field allele at a locus was unique. When there were sy-
nonymous alleles present in the output, then these were grouped at the
amino acid field of resolution, the P-group, and are indicated in the
tables with the extension “:00” at the third field to maintain the uni-
formity of the nomenclature. A null allele refers to the deletion of HLA-
DRB3, DRB4, and DRB5 on selected chromosomes and will be desig-
nated as NL:00:00; a blank allele is the failure of the software to return a
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genotype for a DNA sequence. Allele frequencies were calculated either
by gene counting or the maximum likelihood method in an ABO-like
model with one blank allele [16]. Haplotypes and disequilibria were
computed by the estimator-maximum (EM) algorithm [17].

The estimate “D” is a standard measure of genetic disequilibrium. It
is defined as D = F(al-bl) — F(al)*F(b1), where al and bl are alleles
at loci A and B, F(al-b1) is the observed frequency of the haplotype
estimated by the EM algorithm, and the product of the allele fre-
quencies is the expected haplotype equilibrium frequency. “D” is a
simple measure of how much the observed haplotype frequency differs
from the expected. As can be seen from the formula, when the dis-
equilibrium estimate has a negative value, the observed estimate is less
than the expected.

Tests for HLA population structure were performed with the Nam-
Gart procedure [18].

3. Results
3.1. Ordered raw allele counts from typing software

Supplementary Tables S1-S4 have the entire distribution of alleles
typed by the Omixon Explore software for the classical loci included in
this paper for full heritage Pimas: S1, HLA-A, B, and C; S2, HLA-DRBI1,
DQBI, an DPBI; S3, HLA-DRA, DQA1, and DPA1; S4, HLA-DRB3, DRB4,
and DRBS5. The alleles are ordered by decreasing frequency based on a
total of 2N alleles at each locus and include singletons. The largest
number of DNA sequences was from exome sequencing. Therefore, the
data were captured from the software at the 3-field of allele resolution.
What follows are descriptions of the major alleles at the loci with a
category labeled “Other” that combines specificities with frequencies
<0.01.

3.2. HLA-A locus

The ordered HLA-A allele counts from the whole genome and exome
typing are found in Supplementary Table S1.

Allele HLA-A*02:01:01 has the highest allele frequency in the raw
count. The typing software could not distinguish between A*02:01:01
and A*02:197:02 and assigned the latter allele to persons who were
known to be A*02:01 in previous population studies; therefore, we
assigned the previous allele designation A*02:01:01. There were also a
small number of synonymous variants of the P-group for A*02:01.
These alleles are also represented in the allele A*02:01:00 in the po-
pulation genetics tables. It has a frequency of 0.4779 (Table 1) and is
nearly identical to the frequency of A*02:01 reported for a much
smaller sample in a previous study, 0.4742. A second allele in the HLA-
A*A2 antigen group, that types unambiguously, is A*02:06:01 with an
allele frequency of 0.0574.

Second most common at HLA-A is A*24:02:01, which has a fre-
quency of 0.3593 in Table 1. This includes 26 A*24:353 alleles that
could not be distinguished by the typing software from A*24:02:01.
Allele A*31:01:02 is the fourth common allele at this locus with allele
frequency 0.0823. Alleles in the “Other” category are found in
Supplementary Table S1. Together, the four major alleles at HLA-A
represent over 97% of the allelic variation at the locus, which is in
sharp contrast with other, non-American Indian groups, in which this
locus presents many alleles with much smaller allele frequencies and
much greater heterozygosity.

A test for population structure does not reject the null hypothesis of
Hardy-Weinberg equilibrium. Observed heterozygosity and homo-
zygosity fall within the 95% confidence intervals for the expected va-
lues, and the Nam-Gart statistic is not significantly different from 1.0
(Table 2).



R.C. Williams, et al.

Table 1
Class I P-Group Allele Frequencies in Full Heritage Pima Indians.

Allele Allele Frequency 95% C.I.

HLA-A Locus, N = 3195

02:01:00 0.4779 0.4657, 0.4902
02:06:01 0.0574 0.0517, 0.0631
24:02:01 0.3593 0.3475, 0.3711
31:01:02 0.0823 0.0756, 0.0891
Other 0.0230 0.0193, 0.0267
HLA-B Locus, N = 3202

27:05:02 0.0867 0.0798, 0.0936
35:01:01 0.1686 0.1595, 0.1778
39:01:01 0.0412 0.0364, 0.0461
39:06:02 0.0795 0.0729, 0.0861
40:01:02 0.0214 0.0178, 0.0249
40:02:01 0.0764 0.0699, 0.0829
40:05:01 0.1676 0.1584, 0.1767
48:01:01 0.2007 0.1908, 0.2105
51:02:01 0.1321 0.1238, 0.1404
Other 0.0259 0.0220, 0.0298
HLA-C Locus, N = 3153

02:02:02 0.0915 0.0844, 0.0986
03:04:01 0.2236 0.2133, 0.2339
04:01:01 0.1216 0.1136, 0.1297
07:02:01 0.1670 0.1578, 0.1762
08:01:01 0.2507 0.2400, 0.2614
08:03:01 0.0829 0.0761, 0.0897
Other 0.0626 0.0567, 0.0686

3.3. HLA-B locus

The major alleles that have been known to segregate at the HLA-B
locus typed unambiguously at the third field of resolution in this sample
(Table 1). Allele B*48:01:01 represents >20% of the variation with a
frequency of 0.2007, followed by B*35:01:01, 0.1686, B*40:05:01,
0.1676, and B*51:02:01 with a frequency of 0.1321. These four alleles
represent two thirds of the variation at HLA-B with a total of 0.6690,
which once again demonstrates the restricted variation at class I loci in
full heritage Pima. The B*40 class of alleles has three amino acid var-
iants while the B*39 class has two. Alleles B*48:01:01, B*51:02:01, and
B*40:05:01 were partially or wholly defined from cells of the Pima tribe
during numerous HLA workshops and conferences and further refined
to alleles by gene sequencing and molecular analyses [19-23].

There is no evidence of population structure in the sample for HLA-
B. Heterozygosity and homozygosity are in the expected ranges while
the Nam-Gart statistic is not significantly different from 1.0 (Table 2).
The remaining alleles, usually rare, are listed in Supplementary Table
S1.

Table 2
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3.4. HLA-C locus

Consistent with the HLA-A and HLA-B loci, HLA-C also exhibits
strong restriction of variation in the six defined alleles with large allele
frequencies (Table 1). Four of the six alleles have a frequency >0.12,
while two alleles, C*08:01:01 and C*03:04:01, together represent
nearly half of the allele frequency distribution at this locus, 0.4743.
Allele C*08:01:01 was also defined in a workshop and by gene se-
quencing from a white blood cell of the Pima Indians [24,25]. Alleles in
the HLA-C Other category are found in Supplementary Table S1.

In contrast with HLA-A and HLA-B, there is evidence for population
structure at HLA-C. The Nam-Gart statistic is significantly different from
1.0, though the lower confidence limit lies close to 1.0, 1.0438
(Table 2). This disturbance is also reflected in the observed and ex-
pected heterozygosity, 0.8069 and 0.8253, respectively, and homo-
zygosity, 0.1931 and 0.1747. The deficit in heterozygotes could be
caused by the failure of the software to detect alleles unique but un-
defined in the American Indian population. To estimate the frequency
of so-called blank alleles, an ABO-like maximum likelihood model was
fitted to the HLA-C locus distribution. It yielded a significant blank
frequency of 0.0831 (95% C.I., 0.0784, 0.0878).

3.5. HLA-A, B, C haplotype frequencies and genetic disequilibria

Two-locus haplotype frequencies and their genetic disequilibria for
all combinations of HLA-A, B, and C were calculated and are presented
in Supplementary Tables S5-S10.

Table 3 presents the distribution of 3-locus HLA-A, B, and C hap-
lotypes. For perspective, and to better understand the restricted varia-
tion of the class I loci in full heritage Pima, excluding alleles in the other
category, we calculate the number of haplotype permutations and their
theoretical uniform frequency; there is a total of 5 X 10 X 7 = 350
possible haplotypes with uniform frequency of 0.0029 (1/350). The
most common haplotype is A*02:01:00-B*51:02:01-C*08:01:01 with a
frequency of 0.1086. The first 8 haplotypes together represent 55% of
the total variation at these three loci. Only 22 haplotypes, 7% of the
permutations, represent nearly 84% of the variation.

3.6. HLA-DRA and HLA-DRBI1

The HLA-DRA and HLA-DRBI proteins form the functional hetero-
dimer that is named HLA-DRBI, because HLA-DRA has traditionally
been considered monomorphic and was ignored. However, in full
heritage Pimas there is a simple, two-allele polymorphism, at the
second and third fields of resolution, segregating at HLA-DRA with al-
leles DRA*01:01:01, frequency 0.1602, and DRA*01:02:02 with fre-
quency 0.8398 (Table 4). Observed heterozygosity and homozygosity

Heterozygosity, Homozygosity, and Nam and Gart’s Test for Population Structure at HLA Loci.

Heterozygosity Homozygosity t Statistic for HLA Hy: t = 1.0

Locus N Observed 95% C.I. Expected Observed 95% C.I Expected t 95% C.I
HLA-A 3195 0.6319 0.6152,0.6486 0.6319 0.3681 0.3514,0.3848 0.3681 0.9473 0.8779,1.0166
HLA-B 3202 0.8548 0.8426,0.8670 0.8633 0.1452 0.1330,0.1574 0.1367 1.0980 0.9941,1.2019
HLA-C 3275 0.8069 0.7931,0.8206 0.8253 0.1931 0.1794,0.2069 0.1747 1.1293" 1.0438,1.2148
HLA-DRA 3270 0.2722 0.2569,0.2874 0.2691 0.7278 0.7126,0.7431 0.7309 0.9887 0.9544,1.0230
HLA-DRB1 3239 0.4912 0.4740,0.5084 0.4936 0.5088 0.4916,0.5260 0.5064 1.0492 0.9581,1.1403
HLA-DRB3 3197 0.3253 0.3091,0.3415 0.3254 0.6747 0.6585,0.6909 0.6746 1.0004 0.9658,1.0351
HLA-DRB4 3160 0.1085 0.0977,0.1194 0.1298 0.8915 0.8806,0.9023 0.8702 1.1639' 1.1290,1.1988
HLA-DRB5 3242 0.1317 0.1201,0.1433 0.1457 0.8683 0.8567,0.8799 0.8543 1.0961' 1.0617,1.1306
HLA-DPA1 3269 0.0422 0.0353,0.0491 0.0426 0.9578 0.9509,0.9647 0.9574 1.0107 0.9622,1.0592
HLA-DPB1 3267 0.5852 0.5684,0.6021 0.5958 0.4148 0.3979,0.4316 0.4042 1.1432' 1.0839,1.2026
HLA-DQA1 1195 0.0854 0.0695,0.1012 0.1726 0.9146 0.8988,0.9305 0.8274 1.5055' 1.4488,1.5622
HLA-DQB1 2893 0.1977 0.1832,0.2122 0.2689 0.8023 0.7878,0.8168 0.7311 1.2646' 1.2282,1.3010
L p < 0.05.

957
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Table 3
HLA-A, HLA-B, HLA-C Ordered 3-locus Haplotype Frequencies (>0.01) in Full
Heritage Pimans, N = 3029.

HLA-A HLA-B HLA-C Frequency D

1 02:01:00 51:02:01 08:01:01 0.1086 0.0336

2 24:02:01 40:05:01 03:04:01 0.0946 0.0305

3 02:01:00 48:01:01 08:03:01 0.0698 0.0262

4 24:02:01 48:01:01 08:01:01 0.0647 0.0243

5 02:01:00 27:05:02 02:02:02 0.0566 0.0127

6 24:02:01 35:01:01 04:01:01 0.0516 0.0073

7 24:02:01 39:06:02 07:02:01 0.0514 0.0179

8 02:01:00 35:01:01 04:01:01 0.0482 —0.0058
9 02:01:00 40:05:01 07:02:01 0.0324 0.0193
10 02:01:00 48:01:01 08:01:01 0.0311 —0.0356
11 02:01:00 39:06:02 07:02:01 0.0295 —0.0072
12 24:02:01 40:02:01 03:04:01 0.0287 0.0036
13 31:01:02 39:01:01 07:02:01 0.0257 0.0178
14 02:01:00 40:05:01 03:04:01 0.0219 —0.0224
15 02:01:00 40:02:01 03:04:01 0.0179 —0.0042
16 31:01:02 48:01:01 08:01:01 0.0168 0.0054
17 24:02:01 40:01:02 03:04:01 0.0165 0.0059
18 24:02:01 27:05:02 02:02:02 0.0164 —0.0121
19 02:06:01 48:01:01 08:01:01 0.0162 0.0071
20 02:06:01 35:01:01 04:01:01 0.0152 0.0060
21 31:01:02 27:05:02 02:02:02 0.0124 0.0043
22 02:01:00 35:01:01 03:04:01 0.0115 0.0113

Total 0.8376
Table 4
Class II P-Group Allele Frequencies in Full Heritage Pima Indians.
Allele Allele Frequency 95% C.I.

HLA-DRA, N = 3270

01:01:01 0.1602 0.1514, 0.1691
01:02:02 0.8398 0.8309, 0.8486
HLA-DRBI, N = 3239

04:03:01 0.0284 0.0244, 0.0324
04:07:01 0.0244 0.0206, 0.0281
04:10:01 0.0191 0.0158, 0.0225
08:02:01 0.0392 0.0345, 0.0439
14:02:01 0.6985 0.6873, 0.7097
14:06:01 0.0971 0.0899, 0.1043
16:02:01 0.0733 0.0670, 0.0797
Other 0.0199 0.0165, 0.0233
HLA-DRB3, N = 3197

01:01:02 0.7954 0.7855, 0.8053
NL:00:00" 0.2046 0.1947, 0.2145
HLA-DRB4, N = 3160

01:03:01 0.0698 0.0635, 0.0761
NL:00:00" 0.9302 0.9239, 0.9365
HLA-DRB5, N = 3242

02:02:01 0.0791 0.0725, 0.0857
NL:00:00" 0.9209 0.9143, 0.9275
HLA-DPAI, N = 3269

01:03:01 0.9783 0.9747, 0.9818
02:01:01 0.0190 0.0157, 0.0223
Other 0.0028 0.0015, 0.0040
HLA-DPBI, N = 3267

02:01:02 0.0735 0.0671, 0.0798
04:01:01 0.3468 0.3353, 0.3583
04:02:01 0.5249 0.5128, 0.5371
Other 0.0548 0.0493, 0.0603
HLA-DQAI, N = 1195

05:03:01 0.9046 0.8928, 0.9164
Other 0.0954 0.0836, 0.1072
HLA-DQBI, N = 2893

03:01:01 0.8400 0.8305, 0.8494
Other 0.1600 0.1506, 0.1695

1 NL:00:00 represents the null allele.
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Table 5

2-locus Class II Haplotype Frequencies (>0.01) in Full Heritage Pimans.
N = 3239
HLA-DRA HLA-DRB1 Frequency D
01:02:02 14:02:01 0.6985 0.1098
01:02:02 14:06:01 0.0971 0.0153
01:01:01 16:02:01 0.0726 0.0610
01:02:02 08:02:01 0.0392 0.0062
01:01:01 04:03:01 0.0284 0.0239
01:01:01 04:07:01 0.0244 0.0206
01:01:01 04:10:01 0.0190 0.0160
N = 3266
HLA-DPA1 HLA-DPB1
01:03:01 04:02:01 0.5250 0.0113
01:03:01 04:01:01 0.3468 0.0073
01:03:01 02:01:02 0.0735 0.0016
N=1114
HLA-DQA1 HLA-DQBI
05:03:01 03:01:01 0.8588 0.0532
05:03:01 Other 0.0631 —0.0532
Other 03:01:01 0.0150 —0.0532

are within the expected values while the Nam-Gart statistic is not sig-
nificantly different from 1.0, indicating a close approximation to Hardy-
Weinberg equilibrium (Table 2).

In contrast, there are seven alleles with significant frequency seg-
regating at HLA-DRBI1. One allele represents almost 70% of the varia-
tion at the locus, DRB1*14:02:01, with allele frequency 0.6985, one of
the highest allele frequencies reported in a human population for this
locus. It too was first defined in American Indian peripheral blood cells,
including the Pima, and was the subject of numerous HLA workshops
and conferences, genetic sequencing, and molecular analysis [2]. The
second most common allele is also from the DRB1*14 antigen class,
DRB1*14:06:01. Antigen class DRB1*04 has three alleles segregating at
polymorphic frequencies: 04:03:01, 04:07:01, and 04:10:01. Hetero-
zygosity and homozygosity fall within the expected values and the
Nam-Gart statistic is not significantly different from 1.0.

Two-locus haplotype frequencies and genetic disequilibria for HLA-
DRA and DRBI1 are found in Table 5. Allele DRA*01:02:02 is completely
associated with DRB1*14:02:01 and DRB1*14:06:01.

3.7. Haplotypes for classical HLA-A, B, C, DRA, and DRB1

In the historical development of HLA, the first serological loci that
were defined were HLA-A, B, C, and then DRBI. These still are the
nucleus for clinical applications such as organ and bone marrow
transplantation. Two-locus haplotype frequency and disequilibria tables
for A-DRB1, B-DRBI1, and C-DRBI1 are found in Supplementary Tables
S11-S16. Selected three- and four-locus tables are presented in
Supplementary Tables S17-S23. Table 6 lists the five-locus haplotypes
for the classical loci with frequencies =0.01. Because of the restricted
variation at HLA-DRA and HLA-DRBI, and the close linkage between
them and the class I loci, while the theoretical haplotype permutations
for the five loci number 5600, only 24, 0.4% of the theoretical com-
binations, reflect >73% of the total variation. Haplotype A*02:01:00-
B*51:02:01-C*08:01:01-DRA*01:02:02-DRB1*14:02:01  alone con-
stitutes >10% of the 5-locus haplotype frequency in these full heritage
American Indians.

3.8. HLA-DRB3, HLA-DRB4, and HLA-DRB5

HLA-DRB3, DRB4, and DRBS5 pose significant problems for the es-
timation of allele and haplotype frequencies because of the presence of
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Table 6
HLA-A, HLA-B, HLA-C, HLA-DRA, HLA-DRBI1 Ordered 5-locus Haplotype Frequencies (=0.01) in Full Heritage Pimans, N = 3003.
A B C DRA DRB1 Frequency D
1 02:01:00 51:02:01 08:01:01 01:02:02 14:02:01 0.1051 —0.0521
2 24:02:01 40:05:01 03:04:01 01:02:02 14:02:01 0.0754 —0.0405
3 02:01:00 48:01:01 08:03:01 01:02:02 14:02:01 0.0663 —0.0240
4 02:01:00 27:05:02 02:02:02 01:02:02 14:02:01 0.0582 —0.0395
5 24:02:01 48:01:01 08:01:01 01:02:02 14:02:01 0.0512 —0.0167
6 24:02:01 39:06:02 07:02:01 01:02:02 14:02:01 0.0493 —0.0198
7 02:01:00 40:05:01 07:02:01 01:02:02 14:02:01 0.0320 0.0001
8 24:02:01 35:01:01 04:01:01 01:02:02 14:06:01 0.0265 0.0002
9 02:01:00 35:01:01 04:01:01 01:02:02 14:02:01 0.0258 —0.0612
10 31:01:02 39:01:01 07:02:01 01:02:02 14:02:01 0.0254 0.0051
11 02:01:00 39:06:02 07:02:01 01:02:02 14:06:01 0.0223 0.0005
12 24:02:01 40:02:01 03:04:01 01:02:02 14:02:01 0.0200 —0.0200
13 24:02:01 40:05:01 03:04:01 01:01:01 04:03:01 0.0198 0.0063
14 24:02:01 35:01:01 04:01:01 01:01:01 16:02:01 0.0184 0.0043
15 24:02:01 40:01:02 03:04:01 01:02:02 14:02:01 0.0165 —0.0053
16 02:01:00 40:02:01 03:04:01 01:02:02 14:02:01 0.0156 —0.0251
17 31:01:02 48:01:01 08:01:01 01:01:01 16:02:01 0.0153 0.0072
18 02:01:00 48:01:01 08:01:01 01:02:02 14:06:01 0.0139 —0.0084
19 02:01:00 48:01:01 08:01:01 01:02:02 14:02:01 0.0136 —0.0973
20 24:02:01 48:01:01 08:01:01 01:02:02 14:06:01 0.0136 —0.0011
21 02:06:01 48:01:01 08:01:01 01:02:02 08:02:01 0.0134 0.0036
22 02:01:00 35:01:01 04:01:01 01:01:01 04:07:01 0.0128 0.0031
23 02:06:01 35:01:01 04:01:01 01:02:02 14:02:01 0.0118 —0.0039
24 02:01:00 40:05:01 03:04:01 01:02:02 14:02:01 0.0108 —0.0639
Total 0.7332

a null allele; the loci do not appear on all chromosomes in the class II
region. We have therefore defined a null allele, NL:00:00, to represent
this absence and have assigned the null in every instance that the
program failed to assign a genotype. We then applied the standard
analyses described above. The presence of the null allele complicates
the testing of the loci for population structure; it is difficult to distin-
guish the null and a blank, that is, the failure of the software to resolve
an allele that is present. HLA-DRB3 exhibits the expected heterozygosity
and has a Nam-Gart statistic not significantly different from 1.0.
However, there is evidence for structure in HLA-DRB4 and DRB5
(Table 2), but its interpretation is uncertain.

There are three major alleles for the three loci: DRB3*01:01:02,
DRB4*01:03:01, and DRB5*02:02:01 (Table 4). We combined these with
HLA-DRA and HLA-DRBI to estimate the 5-locus haplotypes found in
Table 7. The alleles of each locus display a characteristic pattern of linkage
with the HLA-DRBI1 alleles. For DRB1*14:02:01 and DRB1*14:06:01, it is
with DRB3*01:01:02 with a null allele at the two other loci; for
DRB1*16:02:01 it is DRB5*02:02:01; and for the DRB1 *04 antigen alleles,
DRB4*01:03:01. The seven haplotypes in Table 7 combined make up
nearly 97% of the variation at these class II loci.

3.9. HLA-DPA1 and HLA-DPBI1

HLA-DPA1 and HLA-DPB1 together form a class II protein

heterodimer in the HLA class II region. HLA-DPA1 is nearly mono-
morphic with allele DPA1%01:03:01 having an allele frequency of
0.9783, while three major alleles segregate at HLA-DPB1:
DPB1%04:02:01, DPB1%04:01:01, and DPB1*02:01:02 (Table 4). HLA-
DPAT1 has the expected distribution of heterozygosity and homozygosity
with a Nam-Gart statistic not different from 1.0, while there is evidence
for population structure in HLA-DPB1, though the differences between
the observed and expected values of heterozygosity homozygosity are
small and the lower confidence interval value for the t-statistic, 1.1, is
close to 1.0 (Table 2).

Two-locus haplotypes for the loci are found in Table 5 with
DPA1*01:03:01-DPB1*04:02:01 representing the largest combination,
0.5250, followed by DPA1*01:03:01-DPB1*04:01:01 with a frequency
of 0.3468. Three-locus haplotypes were estimated for HLA-A-DPA1-
DPB1, HLA-B-DPA1-DPB1, and HLA-C-DPA1-DPBI1 and are found in
Supplementary Tables S24-S26. Four-locus haplotypes for HLA-A, B, C,
and DPBI are presented in Supplementary Table S27.

3.10. HLA-DQA1 and HLA-DQBI

Among the classical loci typed, HLA-DQA1 and HLA-DQBI posed the
largest problems in allele resolution, sample size, variability, and po-
pulation genetics.

For HLA-DQAI, only 1195 of the >3000 full heritage Pima were

Table 7
HLA-DRA, DRBI1, DRB3, DRB4, DRB5 Ordered 5-locus Haplotype Frequencies (=0.01) in Full Heritage Pimans, N = 3038."
DRA DRB1 DRB3 DRB4 DRB5 Frequency D
1 01:02:02 14:02:01 01:01:02 NL:00:00 NL:00:00 0.7017 NA
2 01:02:02 14:06:01 01:01:02 NL:00:00 NL:00:00 0.0988 —0.1451
3 01:01:01 16:02:01 NL:00:00 NL:00:00 02:02:01 0.0708 0.0141
4 01:02:02 08:02:01 NL:00:00 NL:00:00 NL:00:00 0.0402 —0.0218
5 01:01:01 04:03:01 NL:00:00 01:03:01 NL:00:00 0.0233 0.0048
6 01:01:01 04:07:01 NL:00:00 01:03:01 NL:00:00 0.0182 0.0038
7 01:01:01 04:10:01 NL:00:00 01:03:01 NL:00:00 0.0151 0.0032
Total 0.9680

! NL:00:00 represents the null allele.
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resolved by the Omixon Explore software. The highest frequency allele
in the raw output was DQA1*05:03:01 (Supplementary Table S3). It is a
member of the DQA1*05:01P protein group that also includes alleles
DQA1*05:03 and DQA1*05:05 and their synonymous variants at the
third field of resolution. Therefore, they were pooled with
DQA1%*05:03:01, with a pooled frequency of 0.9046, for the further
analyses and estimates of haplotype frequencies.

While entries in Table 2 for HLA-DQA1 suggest that there is sig-
nificant population structure at this locus, with many fewer hetero-
zygotes and more homozygotes than expected, this is a bit artificial
because of the dominant allele and the many minor alleles that segre-
gate at this locus. If one looks solely at the expected and observed
frequencies of the 1030 DQA1*05:03:01 homozygotes, which have an
observed genotype frequency of 0.8619, and computes a goodness of fit
chi-square statistic, it would contribute only 2.8 to the total chi-square.
It is the presence of the Other, mostly rare, alleles that upset the po-
pulation structure statistics.

HLA-DQBI1 has an even more complex structure. In the raw data
(Supplementary Table S2) there are 119 different DQB1 alleles re-
ported. However, only 8 have a raw frequency =0.01. The largest of
these is DQB1*03:01:01, which is in the DQB1*03:01P group that also
contains, in addition to the DQB1*03:01 synonymous variants at the
third field of resolution, DQB1*03:22, DQB1*03:29, and DQB1*03:264.
The frequencies of these alleles were pooled into the DQB1*03:01:01
category, with pooled frequency 0.8400 (Table 4), and used for the
further analyses.

With this complex distribution of rare alleles at DQB1, many re-
presented by only 1 or 2 alleles among the 2893 persons typed, it is to
be expected that the goodness of fit tests would reject the hypothesis of
Hardy-Weinberg equilibrium. Once again there is an excess of homo-
zygotes and a much lower heterozygosity than expected. The Nam-Gart
test rejects the null hypothesis with a 95% confidence interval that
excludes 1.0.

The distribution for DQAI-DQB1 haplotypes is found in Table 5.
Haplotype DQA1*05:03:01-DQB1*03:01:01 has the largest frequency,
0.8588. In Supplementary Tables S28-S30 are found 3-locus haplotypes
with their frequencies and disequilibria for HLA-A-DQA1-DQB1, HLA-B-
DQA1-DQBI, and HLA-C-DQA1-DQBI1. Supplementary Table S31 pre-
sents the 4-locus combinations for HLA-A, B, C, and DQBI. Given the
nearly monomorphic nature of DQAI and DQBI, the variation of the
distributions is determined primarily by the class I loci. Supplementary
Table S32 lists the major haplotypes for HLA-DRA, DRB1, DQBI1, and
DPB1 with haplotype DRA*01:02:02-DRB1*14:02:01-DQB1%*03:01:01-
DPB1*04:02:01 representing one third of the frequency variation,
0.3337, and a haplotype identical at the first three loci with
DPB1*04:01:01 the second most common combination with a frequency
of 0.2538.

3.11. 5-Locus haplotypes for the primary classic polymorphic loci

Using the allele definitions and frequencies in Tables 1 and 4, se-
lected 5-locus haplotype frequencies and disequilibria were computed.
Table 8 presents the major polymorphic class II loci: DRA, DRB1, DQBI,
DPB1, and DRB3. Two combinations make up over 60% of the variation
at class II in full heritage Pima: DRA*01:02:02-DRB1*14:02:01-
DQB1*03:01:01-DPB1*04:02:01-DRB3*01:01:02; the second haplotype
differs from the first by substituting DPB1*04:01:01 for the 04:02:01
allele (Table 8). To illustrate how the class II haplotypes combine with
the class I loci, DRA, DRB1, DQBI1, and DPB1 were successively com-
puted with HLA-A, B, and C and are found in Tables 9-11. Here the
variation of these haplotypes is very much greater because of the in-
creased polymorphism of the class I loci.

960

Human Immunology 80 (2019) 955-965

3.12. HLA alleles at 4-field resolution

Typing over 400 of the community for whole genome sequences
gave us the intronic and intergenic variation that allowed us to impute
the likely 4-field resolution alleles for each of the 3-field names.
Table 12 lists the corresponding alleles that were found and the number
of 4-field specificities that were resolved. In select cases, as for
DRB1%14:06:01, there was no corresponding 4-field allele.

4. Discussion
4.1. Agreement and Kappa scores for old and new methods

As with any new typing method, resolving HLA alleles with a
computer algorithm from whole genome and exome sequences requires
a quality control assessment. Therefore, we compared the allelic gen-
otypes of the new method with six loci that we reported earlier from
different, DNA-based, methodologies (Table 13) [3]. At HLA-A, B, and
C, there was a very high agreement between the first field of resolution,
the antigen, each being from about 95-99%, with appropriately high
Kappa scores. There was a lower agreement in the second field of amino
acid differences because the whole genome and exome sequences
contain more information than the earlier procedures. Still, the re-
spective field 2 agreements of 90-97% are high, along with the ac-
companying Kappa scores. HLA-DRBI1 had a first field agreement of
98.9% but only an 91.2% agreement on the amino acid field of re-
solution. The additional information in the whole genome and exome
sequences allowed a better differentiation of DRBI*14:06 from
DRB1*14:02. Locus HLA-DQA1 had the fewest genotypes to compare
but a high agreement of 97.1% for each field of resolution. Allele
DQA1%*05:01 was reported as the predominant allele in the previous
report [3], but DQA1*05:03 in this one (Table 4). This is explained by
allele DQA1*05:03 being part of the DQAI*05:01P group with an
identical amino sequence in the peptide binding groove of the protein.
The information of the DNA sequences resolved the additional differ-
ence away from this structure. HLA-DQBI1, while the antigen field
agreement was relatively high, 96.3%, the amino acid field of resolu-
tion was only 89.6%. This follows from the difficulty we found in typing
the locus and its extreme heterozygosity when typed from exomes.

In order to determine the agreement and Kappa scores for duplicate
testing with the Omixon Explore program, at 3-field resolution, we retyped
about 10% of the original .fastq files and then, using the same Omixon
Explore typing database, db3.35.0.8, we copied their raw exome sequences
to a new directory where we applied the complete typing pipeline again to
create a duplicate set of results. From these we chose 500 random persons
to compute the agreement and Kappa scores for the repeated genotypes at
each locus. The results are presented in Table S33. Over 6000 genotypes
and 12,000 alleles, there was not a single discordancy.

4.2. Population structure

We made no attempt to control for relatedness in our sample of full
heritage Pima and used every genotype of every person that was re-
solved by the software. Among the core classical HLA-A, B, C, and DRBI
loci, only HLA-C showed evidence for structure. Even here, the lower
confidence interval value for the t-statistic was 1.04, slightly larger than
the expected value of 1.0. This situation illustrates a problem with a
history that goes back to the serological days, blank alleles. When there
was an antigen present on the surface of the cell, but no antibody in the
tray to attach to it, then the antigen was not resolved and became a
silent, recessive, “blank” allele. When typing with whole genomes and
exomes, if there is not a sequence in the typing database that corre-
sponds to the one found, then it too will not be reported and become a
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Table 8
HLA-DRA, DRB1, DQB1, DPB1, DRB3 Ordered 5-locus Haplotype Frequencies (=0.01) in Full Heritage Pimans, N = 2705.
DRA DRB1 DQB1 DPB1 DRB3 Frequency D
1 01:02:02 14:02:01 03:01:01 04:02:01 01:01:02 0.3472 —0.2668
2 01:02:02 14:02:01 03:01:01 04:01:01 01:01:02 0.2652 —0.3600
3 01:02:02 14:02:01 03:01:01 02:01:02 01:01:02 0.0627 —0.1001
4 01:01:01 16:02:01 03:01:01 04:02:01 NL:00:00' 0.0425 0.0017
5 01:02:02 14:06:01 03:01:01 04:01:01 01:01:02 0.0362 —0.0495
6 01:02:02 14:06:01 03:01:01 04:02:01 01:01:02 0.0354 —0.0236
7 01:01:01 16:02:01 03:01:01 04:01:01 NL:00:00 0.0173 —0.0010
0.8314

! NL:00:00 represents the null allele.

blank allele. One way to address this is to estimate the allele frequencies
at the HLA-C locus with an ABO-like maximum likelihood model that
has one recessive allele and multiple codominant ones and to assess the
frequency of the blank. For HLA-C, the blank allele frequency was large,
0.0831 (95% C.I. 0.0784, 0.0878). This suggests that the efficiency of
the typing at this locus was compromised either by new alleles not in
the data base or by other technical issues of the software or the DNA
sequencing in the HLA-C region. Actual population structure at HLA-C
cannot also be excluded; but its close linkage with HLA-B, and the ab-
sence of structure for HLA-B, would argue against it.

Outside the core group of loci, there was also population structure at
HLA-DRB4, DRB5, DPB1, DQA1, and DQBI1. At HLA-DRB4 and DRB5
there is the complication of both null and blank alleles. A null allele
occurs when a locus is absent from selected chromosomes in the DRBX
region, whereas a blank is a failure to type an allele that is present. The
problem is differentiating the null and blank allele when no genotype is
reported for a locus. Testing these loci for structure is, therefore, pro-
blematic. HLA-DPB1 and DQB1 are among the most polymorphic of the
class II loci and have many minor alleles segregating in full heritage
Pima Indians. When there are one or two alleles with high frequency,
and many with low frequencies, some existing in only three, two, or one
copy (Table S2), then calculating goodness of fit statistics on the entire
array becomes nearly impossible because for each allele, the expected
and observed genotypes will not have a consistent pattern or number.
Nearly all the rare alleles will be present only in heterozygotes. In ad-
dition, there may not be a uniform distribution of the rare alleles across
the common variants, which makes grouping of the minor alleles in a
“Other” category only a partial solution to the problem.

4.3. Variation in common American Indian haplotypes

The presence of over 400 whole genome sequences in this data base
allowed us to type HLA alleles at the highest field of resolution by using the

intergenic and intronic variation (Table 12). Combined with the haplotype
frequencies calculated over many permutations of the loci, we impute what
are the common haplotypes at the highest resolution of HLA variation in
America’s first people (Table 14). Genetic drift and natural selection will
vary the frequencies and occurrences of these combinations in each
American Indian tribe that descends from the Paleo-Indian migration.

4.4. Core HLA variation in North American Indians

In all HLA population reports in the Americas, a fundamental con-
founder is non-native genetic admixture. In our center we have studied
a population that has been relatively isolated in the Southwest United
States since European contact and has little genetic admixture. We also
have a control for admixture in the stated-proportion American Indian
variable, in our ability to estimate individual non-Indian genetic ad-
mixture from vectors of allele frequencies, and our demonstration that
the stated-statistic is a reliable measure of ethnicity [26-28]. We have
included in this study only those persons who state that they are full
heritage Pima. Therefore, the resulting vector of alleles at each of the
major loci are core sets that represent the North American Paleo-Indian
component for HLA and that are expected to be present in varying
frequencies in all population studies that include some significant
proportion of American Indians. Four examples illustrate the point.

A population report of 302 Lakota Sioux for the American Society
for Histocompatibility and Immunogenetics Minority Workshops was
performed in 2004 [29]. They are about 2000 miles removed from the
Pima and inhabit a very different ecosystem. Yet in Table 4, page 82, in
which the allele frequencies are in descending frequency order, the first
four alleles at HLA-A are A*02:01, A*24:02, A*31:01, and A*02:06, the
exact vector of common alleles in the Pima, the core variation at this
locus. The remaining frequencies are likely genetic admixture, which
was revealed in earlier studies in this population with a sensitive
marker for gene flow, the gamma marker loci, Gm (data not shown). At

Table 9
HLA-A, DRA, DRB1, DQBI1, DPBI Ordered 5-locus Haplotype Frequencies in Full Heritage Pimans, N = 2815, with frequency = 0.01.
A DRA DRB1 DQB1 DPB1 Frequency D
1 02:01:00 01:02:02 14:02:01 03:01:01 04:02:01 0.1715 —0.0657
2 02:01:00 01:02:02 14:02:01 03:01:01 04:01:01 0.1378 —0.1679
3 24:02:01 01:02:02 14:02:01 03:01:01 04:02:01 0.1069 —0.0515
4 24:02:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0948 —0.0500
5 02:01:00 01:02:02 14:02:01 03:01:01 02:01:02 0.0391 —0.0495
6 31:01:02 01:02:02 14:02:01 03:01:01 04:02:01 0.0347 —-0.0127
7 24:02:01 01:02:02 14:06:01 03:01:01 04:02:01 0.0287 —0.0055
8 02:01:00 01:02:02 14:06:01 03:01:01 04:01:01 0.0271 —0.0073
9 24:02:01 01:01:01 16:02:01 03:01:01 04:02:01 0.0236 —0.0151
10 02:06:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0219 —0.0067
11 24:02:01 01:02:02 14:02:01 03:01:01 02:01:02 0.0204 —0.0146
12 24:02:01 01:01:01 16:02:01 03:01:01 04:01:01 0.0150 —0.0099
13 31:01:02 01:01:01 16:02:01 03:01:01 04:02:01 0.0147 —0.0014
0.7363
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Table 10
HLA-B, DRA, DRB1, DQB1, DPB1 Ordered 5-locus Haplotype Frequencies in Full Heritage Pimans, N = 2812, with frequency = 0.01.
B DRA DRB1 DQB1 DPB1 Frequency D

1 48:01:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0912 —0.0609
2 40:05:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0674 —0.0144
3 51:02:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0664 —-0.0713
4 27:05:02 01:02:02 14:02:01 03:01:01 04:02:01 0.0631 —0.0431
5 35:01:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0462 0.0226

6 40:05:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0413 —0.0140
7 40:02:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0353 —0.0372
8 51:02:01 01:02:02 14:02:01 03:01:01 02:01:02 0.0306 —0.0328
9 39:01:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0282 —-0.0170
10 39:06:02 01:02:02 14:02:01 03:01:01 04:01:01 0.0274 —0.0480
11 39:06:02 01:02:02 14:02:01 03:01:01 04:02:01 0.0242 —0.0074
12 40:02:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0214 —0.0090
13 48:01:01 01:01:01 16:02:01 03:01:01 04:02:01 0.0211 —0.0063
14 48:01:01 01:02:02 14:02:01 03:01:01 02:01:02 0.0182 —0.0191
15 39:06:02 01:02:02 14:06:01 03:01:01 04:01:01 0.0164 —0.0065
16 51:02:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0163 —0.0164
17 35:01:01 01:01:01 16:02:01 03:01:01 04:02:01 0.0161 —0.0051
18 35:01:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0156 0.0425

19 35:01:01 01:02:02 14:06:01 03:01:01 04:02:01 0.0149 —0.0088
20 48:01:01 01:02:02 14:06:01 03:01:01 04:02:01 0.0141 —0.0112
21 40:01:02 01:02:02 14:02:01 03:01:01 04:01:01 0.0137 —0.0160
22 35:01:01 01:01:01 16:02:01 03:01:01 04:01:01 0.0135 —0.0039
23 48:01:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0134 —0.0237

0.7158

HLA-B the common alleles are B*35:01, B*39:01, B*51:01, B*27:05,
B*15:01, B*40:01, B*40:02, and B*48:01, seven of which are part of the
Pima core set, at least at the first field of resolution. Alleles B*51:02 and
B*40:05 in the Pima are post-migration mutations, as we discussed in
an earlier paper [3]. At HLA-C all six Pima core alleles are found at
polymorphic levels (>0.01) with C*07:02, C*03:04:01, and C*04:01:01
being among the most common. Among the Lakota Sioux at HLA-DRBI,
alleles DRB1*04:07, DRB1*14:02, and DRB1*16:02:01 have frequencies
>0.10, all part of the Pima core set, while alleles DRB1*04:03 and
DRB1*08:02 also segregate at polymorphic frequencies.

A second sample has its origin in the southern Dene people, the
Navajo, which has traditionally been considered distinct in genetic
history from the Paleo-Indians. In an unpublished HLA population
study of 184 persons (data not shown), the HLA-A locus has, in order of
frequency, A*02:01, A*24:02, A*31:01, and A*02:06, which, together,
make up >94% of the frequency variation at this locus. At HLA-B the
most common allele is B*27:05, followed by B*35:01, B*40:02,
B*48:01, B*51:02, B*39:06, and B*39:01, which are all part of the core

set in Pima Indians and constitute >85% of the variation at this locus.
In addition, alleles B*15:01 and B*15:07 have significant frequency in
the Navajo whereas in the Pima B*15:01 only has a frequency of 0.0020
(Table S1) and B*15:07 is not found. Locus HLA-C in the Navajo is
represented by the 6 core alleles found in the Pima in Table 1, with a
combined frequency >86%. Allele C*01:02 is also found at >10%
frequency in the Navajo but only 0.33% in the Pima (Table S1). As in
the Pima core set, the most common allele in the Navajo at the HLA-
DRBI1 locus is DRB1*14:02, followed by DRBI*08:02, DRB1*16:02,
DRB1%04:07, DRB1+%04:03, DRB1*14:06, and DRB1+*14:10. Together
they comprise >80% of the allelic variation in Navajo. The Navajo also
have a high allele frequency of DRB1*14:01, >12%, which was not
found in the >3000 Pima Indians who were typed. The most common
4-locus haplotype in the Navajo is A*02:01-B*35:01-C*04:01-
DRB1%14:02 with a frequency >8%, all alleles of which are found in
the Pima core set.

This core variation is also found in two recent publications outside
North America. In 1101 Ecuadorians with mixed ancestry, and stratified

Table 11
HLA-C, DRA, DRB1, DQB1, DPB1 Ordered 5-locus Haplotype Frequencies in Full Heritage Pimans, N = 2780, with frequency = 0.01.
C DRA DRB1 DQB1 DPB1 Frequency D
1 07:02:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0886 —0.0540
2 03:04:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0852 —0.0380
3 08:01:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0719 —-0.0713
4 02:02:02 01:02:02 14:02:01 03:01:01 04:02:01 0.0662 —0.0449
5 08:03:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0655 —0.0552
6 03:04:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0544 0.0023
7 08:01:01 01:02:02 14:02:01 03:01:01 02:01:02 0.0474 —0.0474
8 08:01:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0431 —0.0224
9 07:02:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0338 —0.0726
10 04:01:01 01:02:02 14:02:01 03:01:01 04:01:01 0.0294 0.0206
11 07:02:01 01:02:02 14:06:01 03:01:01 04:01:01 0.0178 —0.0019
12 08:01:01 01:01:01 16:02:01 03:01:01 04:02:01 0.0165 —0.0081
13 08:01:01 01:02:02 14:06:01 03:01:01 04:02:01 0.0155 0.0048
14 04:01:01 01:02:02 14:06:01 03:01:01 04:02:01 0.0140 —0.0090
15 04:01:01 01:01:01 16:02:01 03:01:01 04:02:01 0.0136 —0.0031
16 04:01:01 01:02:02 14:02:01 03:01:01 04:02:01 0.0115 0.0386
17 04:01:01 01:01:01 16:02:01 03:01:01 04:01:01 0.0114 —0.0022
Total 0.6858
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Table 12
Four-Field Resolution Alleles from Whole Genome Sequences in Full Heritage
Pima, N = 351, (number of alleles).

3-Field 4-Field Resolution from Whole Genome Sequences (Number alleles)

HLA-A

02:01:01 02:01:01:01 (337)

02:06:01 02:06:01:01 (38)

24:02:01 24:02:01:01 (255)

31:01:02 31:01:02:01 (63)

HLA-B

27:05:02 27:05:02:01 (68)

35:01:01 35:01:01:05 (101)

39:01:01 39:01:01:03 (30)

39:06:02 39:06:02:02 (62)

40:01:02 40:01:02:01 (1), 40:01:02:04 (10)

40:02:01 40:02:01:01 (44), 40:02:01:02 (1)

40:05:01 40:05:01:01 (119)

48:01:01 48:01:01:01 (146)

51:02:01 51:02:01:01 (91)

HLA-C

02:02:02 02:02:02:01 (68)

03:03:01 03:03:01:01 (9)

03:04:01 03:04:01:02 (143), 03:04:01:01 (11)

04:01:01 04:01:01:11 (98)

07:02:01 07:02:01:01 (125), 07:02:01:03 (1)

08:01:01 08:01:01:01 (179)

08:03:01" 08:03:01 (60)

HLA-DRA

01:01:01 01:01:01:01 (72), 01:01:01:02 (1), 01:01:01:03 (41)

01:02:02" 01:02:02 (552)

01:02:03" 01:02:03 (34)

HLA-DRB1

04:03:01 04:03:01:01 (24), 04:03:01:02 (2)

04:07:01 04:07:01:02 (11)

04:10:01" 04:10:01 (3)

08:02:01 08:02:01:01 (33)

14:02:01 14:02:01:02 (441)

14:06:01" 14:06:01 (102)

16:02:01 16:02:01:03 (59)

HLA-DPA1

01:03:01 01:03:01:05 (383), 01:03:01:02 (236), 01:03:01:01 (49) 01:03:01:03
(15), 01:03:01:04 (2)

02:01:01 02:01:01:02 (12), 02:01:01:01 (1)

HLA-DPB1

02:01:02 02:01:02:05 (26), 02:01:02:01 (14), 02:01:02:32 (8), 02:01:02:04 (3)

04:01:01 04:01:01:01 (159), 04:01:01:04 (64)

04:02:01 04:02:01:02 (369)

HLA-DQA1

03:01:01" 03:01:01 (25)

03:03:01 03:03:01:03 (13), 03:03:01:01 (2)

04:01:01 04:01:01:02 (40), 04:01:01:03 (3)

05:03:01 05:03:01:02 (321), 05:03:01:01 (232)

05:05:01 05:05:01:03 (60)

HLA-DQB1

03:01:01 03:01:01:01 (612)

03:02:01 03:02:01:01 (26)

04:01:01 04:01:01:01 (12)

04:02:01 04:02:01:01 (43), 04:02:01:05 (1), 04:02:01:06 (1)

HLA-DRB3

01:01:02 01:01:02:01 (548)

HLA-DRB4

01:03:01 01:03:01:03 (32), 01:03:01:01 (11)

HLA-DRB5

01:01:01" 01:01:01 (4)

02:02:01" 02:02:01 (59)

1 No fourth field of resolution was reported by the typing software.

in three geographical areas, while 20 alleles were reported, the largest
frequencies at the HLA-A locus were A*02, A*24, and A*31, which
likely represent A*02:01, A*02:06, A*24:02, and A*31:01, the core
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vector of alleles at HLA-A in the Pima, with the balance of the reported
alleles being admixture from European, African, and other groups [30].
At HLA-B, 46 alleles are reported but the most common represent the
Pima core at this locus: B*27, B*35, B*39, B*40(*40:01, *40:02), B*48,
and B*51. For HLA-DRBI1 the most frequent allele, as in the Pima, is
DRB1*14 with a frequency of 0.1735 along with significant frequencies
for DRB1*04, DRB1*08, and DRB1*16, all of which mirrors the core
alleles in Pima Indians.

As a second example, the NGS typing of 112 Mestizos from Oaxaca
in Southeastern Mexico—a population that would roughly correspond
to Mexican Americans in the United States with components of
American Indian, European, and African genetic admixture—the core
set of Pima alleles reflect the Native American fraction [31]. At HLA-A,
among the most frequent alleles are found A*02:01:01, A*24:02:01,
A*02:06:01, and A*31:01:02. At HLA-B and HLA-C, the authors report
46 and 28 alleles present, respectively, in this highly admixed group;
the Pima core set is represented at each locus, except C*08:03:01,
which absence could be explained by the combined action of genetic
admixture and genetic drift. Among the 10 most frequent alleles at
HLA-DRBI in the sample, six are represented in the Pima core set:
*04:07:01, *08:02:01, *16:02:01, *14:06:01, *04:03:01, and *14:02:01.

We are then ready to define the likely core variation in North
American Paleo-Indians (Table 15). The first field of HLA nomenclature
will be most certain, while the second, amino acid field, is less so. Since
the first people entered North America, and even more since European
contact >500 years ago, the evolutionary mechanisms of mutation,
natural selection, gene flow, and genetic drift have worked to create
many highly diverse populations at the HLA loci throughout North,
Central, and South America. There is evidence that mutation has cre-
ated new alleles, particularly at HLA-B [3,9]. We have recently reported
the large differences in the allele frequencies at HLA-DRB1 between the
Arizona Pima, represented in this report, and their closely related
Mexican Pima, the Maycoba, which might reflect the action of genetic
drift and/or natural selection [32]. It is therefore impossible to know
with exactness what the first HLA distributions were. Also, we do not
claim that this core set is complete and exclusive. As more Native
American tribes are studied, the core set may very well expand. But the
echoes of the first peoples are present in their genomes and we feel that
the closest approximation of first peoples can currently be found by
consulting the HLA distribution in the Pima Indians of Southern Ar-
izona.
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Table 13
Comparison of 2009 HLA Oligonucleotide Typing (Williams et al. Tissue Antigens, 2009) with Whole Genome and Exome Typing by Omixon Explore.
Resolution
Amino Acid Field (2) Antigen Field (1)
HLA Locus Alleles Agreement % Kappa (95% C.1.) Alleles Agreement % Kappa (95% C.1.)
A 464 93.0 0.85 (0.81, 0.90) 476 96.8 0.94 (0.91, 0.97)
B 434 96.7 0.94 (0.90, 0.97) 434 98.6 0.97 (0.95, 0.99)
C 280 96.4 0.93 (0.89, 0.97) 292 94.9 0.90 (0.85, 0.95)
DRB1' 560 91.2 0.83 (0.78, 0.87) 560 98.9 0.99 (0.96, 1.00)
DQA1 104 97.1 0.94 (0.88, 1.00) 104 97.1 0.94 (0.88, 1.00)
DQBI 298 89.6 0.79 (0.72, 0.86) 298 96.3 0.93 (0.88, 0.97)

! The reduction in the correlation was primarily the better differentiation of DRB1%14:06 from DRB1*14:02 in the whole genome and exome typing.

Table 14
Imputed Nine Locus HLA Haplotypes Common in Full Heritage American Indians.
A B C DRA DRB1 DPA1 DPB1 DQA1 DQB1
02:01:01:01 51:02:01:01 08:01:01:01 01:02:02 14:02:01:02 01:03:01:05 04:01:01:01 05:03:01:02 03:01:01:01
24:02:01:01 40:05:01:01 03:04:01:02 01:02:02 14:02:01:02 01:03:01:05 04:01:01:01 05:03:01:02 03:01:01:01
02:01:01:01 48:01:01:01 08:03:01 01:02:02 14:02:01:02 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
02:01:01:01 27:05:02:01 02:02:02:01 01:02:02 14:02:01:02 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
24:02:01:01 48:01:01:01 08:01:01:01 01:02:02 14:02:01:02 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
24:02:01:01 39:06:02:02 07:02:01:01 01:02:02 14:02:01:02 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
24:02:01:01 35:01:01:05 04:01:01:11 01:02:02 14:06:01 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
02:01:01:01 35:01:01:05 04:01:01:11 01:02:02 14:02:01:02 01:03:01:05 04:01:01:01 05:03:01:02 03:01:01:01
24:02:01:01 35:01:01:05 04:01:01:11 01:01:01:01 16:02:01:03 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
31:01:02:01 39:01:01:03 07:02:01:01 01:02:02 14:02:01:02 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
02:01:01:01 39:06:02:02 07:02:01:01 01:02:02 14:06:01 01:03:01:05 04:01:01:01 05:03:01:02 03:01:01:01
24:02:01:01 40:02:01:01 03:04:01:02 01:02:02 14:02:01:02 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
24:02:01:01 40:05:01:01 03:04:01:02 01:01:01:01 04:03:01:01 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
24:02:01:01 35:01:01:05 04:01:01:11 01:01:01:01 16:02:01:03 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
24:02:01:01 40:01:02:04 03:04:01:02 01:02:02 14:02:01:02 01:03:01:05 04:01:01:01 05:03:01:02 03:01:01:01
02:01:01:01 40:02:01:01 03:04:01:02 01:02:02 14:02:01:02 01:03:01:05 04:01:01:01 05:03:01:02 03:01:01:01
31:01:02:01 48:01:01:01 08:01:01:01 01:01:01:01 16:02:01:03 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
02:01:01:01 48:01:01:01 08:01:01:01 01:02:02 14:06:01 01:03:01:05 04:01:01:01 05:03:01:02 03:01:01:01
02:01:00:01 48:01:01:01 08:01:01:01 01:02:02 14:02:01:02 01:03:01:05 04:01:01:01 05:03:01:02 03:01:01:01
24:02:01:01 48:01:01:01 08:01:01:01 01:02:02 14:06:01 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
02:06:01:01 48:01:01:01 08:01:01:01 01:02:02 08:02:01:01 01:03:01:05 04:02:01:02 05:03:01:02 03:01:01:01
02:01:01:01 35:01:01:05 04:01:01:11 01:01:01:01 04:07:01:02 01:03:01:05 04:01:01:01 05:03:01:02 03:01:01:01
Table 15
Core HLA Variation in North American Paleo-Indians Imputed from the Arizona Pima.
HLA-A HLA-B HLA-C HLA-DRB1
Field 1 Field 2 Field 1 Field 2 Field 1 Field 2 Field 1 Field 2
*02 *02:01, *02:06 *27 *27:05 *02 *02:02 *04 *04:03, *04:07
*24 *24:02 *35 *35:01 *03 *03:04 *08 *08:02
*31 *31:01 *39 *39:01, *39:06 *04 *04:01 *14 *14:02
*40 *40:01, *40:02 *07 *07:02 *16 *16:02
*48 *48:01 *08 *08:01, *08:03
*51 *51:01
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