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A B S T R A C T

The Mestizos of Oaxaca resulted from the admixture of Zapotecan Natives with Spaniards and Africans. We
selected 112 donors from Oaxaca and applied next-generation sequencing to characterize exon and intron
variants in complete or extended HLA genes. Some alleles found, are unique to Mexican Natives and most likely
will be absent in most major ethnicities, namely: Caucasians, Africans or Asians. Among these are HLA-
A*68:03:01, HLA-A*68:05:01, HLA-C*03:04:01:02, HLA-C*15:09, HLA-C*3:05, HLA-C*03:06:01, HLA-
B*39:05:01, HLA-B*35:14:01, HLA-B*35:12:01, HLA-B*35:43:01, HLA-B*40:05, HLA-B:40:08, HLA-B*51:02:01,
HLA-B*35:24:01 and HLA-B*39:08. HLA-DQA1*05:05:01:05 and some HLA-DRB1 alleles were only present in
Amerindians/Mestizos. Three haplotypes are unique to Mexican Natives, five to Middle-Eastern and Sephardi-
Jews. We detected a novel HLA-DQA1*04:01:01 exon 4 variant. Any novel allele may have been positively
selected to enlarge the peptide-binding repertoire, and some, like HLA-B*39:02:02 and HLA-B*39:05:01 were
found with unique haplotype associations, suggesting convergent evolution events and/or allele lineage di-
versification. The allele frequencies were fairly evenly distributed in most HLA loci with the exception of HLA-
DPB1. The application of NGS in Oaxaca is novel and will lead to better use in the clinical setting. It offers deep
knowledge on the population structure, origins, migration, and discovery of new alleles and haplotypes that
other techniques did not achieve.

1. Introduction

Human Leucocyte Antigen (HLA) genotyping is beyond doubt,
fundamental in the immunogenetics and histocompatibility field [1]. In
the past, the HLA genotyping methods have evolved from serology to
molecular techniques based on polymerase chain reaction (PCR) such as
sequence specific primers (SSP), sequence specific oligonucleotide
probes (SSOP) and sequence-based typing (SBT) which usually includes
amplification and sequencing of exons 2–3 for classic class I and exon 2
for class II genes [2,3]. Since the HLA complex is the most polymorphic
system of the human genome [4] currently with 20,088 variants de-
scribed in the IPD-IMGT/HLA Database [5], it has become very

challenging for the genotyping technology [1]. Therefore, Next-gen-
eration sequencing (NGS) methods developed for high throughput HLA
genotyping have been emerging [2,3]. NGS allows the clonal massively
parallel sequencing of a single DNA molecule using long-range PCR that
produces large amounts of reads of each HLA gene at a lower cost and
saving time, since many samples may be typed in the same run [1,4].
The application of this method worldwide through the use of several
commercial kits or in-house methods has revealed the extensive allele
diversity of HLA on a global scale and has allowed the constant dis-
covery of novel alleles. In addition, NGS has improved the accuracy of
HLA genotyping and characterization of haplotypes which is beneficial
for donor selection worldwide, as well as, other areas of clinical
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practice [1,3,6].
Numerous studies have shown the importance of accurate HLA

genotyping for successful transplantation outcomes, for disease asso-
ciation studies, pharmacogenetics and population genetics [4,6]. The
HLA alleles may be typed up to four fields: according to the official
nomenclature described in the IPD-IMGT/HLA Database, the first field
before the colon corresponds to the allele group; the second field de-
picts variation at protein sequence level; the third denotes synonymous
nucleotide substitutions in the exons and the fourth field shows dif-
ferences in the non-coding intron and flanking regions of the gene [7].
In the clinical practices such as transplantation and disease association
studies, HLA genotyping characterized at the two-field is sufficient. In
comparison, molecular anthropology, population diversity, evolution
studies, the fourth fields HLA data are relevant [4].

The history of the people from Oaxaca dates back to around
10,000 years BC with the arrival of nomads to the central valleys of the
state. The most ancient data of corn seeding dates to 4000 BCE, and
later to bean seeding, giving rise to the settlement of the native groups.
At that time, linguistic diversification from the Otomangüe started and

around 1500 BCE nine linguistic families were present; four of them
were Zapotecana, Mixtecana, Popolocana, Chias and the Hanantecana
[8,9]. Since then, differentiation occurred and 16 linguistic groups were
formed as time went by.

During Spanish colonization, governmental structures and cultural
patterns were formed and prevail up to the present day in the Native
communities. The Mestizo communities that populated the City of
Oaxaca were the result of the admixture of the local Indian groups and
the Spanish conquerors that arrived to the city in the 15th Century.
These cultures showed an important versatility to adapt themselves to
the new changes of the last 50 years. They incorporated in their day to
day life, new agricultural, dressing, education, feeding and health ac-
tivities whilst, keeping their ancestral traditions: features that make the
Mestizos from Oaxaca, culturally different from the rest of the
Mexicans. The European component came almost entirely from Spain,
mainly from Castilla, Extremadura and Andulacía. The Amerindian
component that finally settled in Oaxaca corresponds to a very early
occupation of Asian descent groups in the Paleolithic period. These
Asian groups arrived in Mexico through different waves of immigration

Table 1
Allele frequencies of classic HLA class I loci: HLA-A, HLA-B and HLA-C.

HLA-A (k= 28) HLA-C (k= 29) HLA-B (k=48)

Allele Counts Freq Allele Counts Freq Allele Counts Freq

A*02:01:01:01 51 0.2440 C*07:02:01:01 50 0.2347 B*39:05:01† 21 0.0963
A*24:02:01:01 38 0.1818 C*04:01:01:01 39 0.1831 B*35:01:01:02 19 0.0872
A*02:06:01:01 24 0.1148 C*01:02:01 16 0.0751 B*39:02:02 18 0.0826
A*68:03:01† 13 0.0622 C*07:01:01:01 14 0.0657 B*39:06:02 11 0.0505
A*68:01:02:01 12 0.0574 C*03:03:01 10 0.0469 B*35:17:01 10 0.0459
A*01:01:01:01 11 0.0526 C*03:04:01:02† 10 0.0469 B*51:01:01:01 10 0.0459
A*31:01:02:01 11 0.0526 C*07:02:01:03 8 0.0376 B*07:02:01 9 0.0413
A*11:01:01:01 6 0.0287 C*08:01:01 8 0.0376 B*52:01:02† 8 0.0367
A*32:01:01 6 0.0287 C*02:02:02:01 6 0.0282 B*08:01:01 7 0.0321
A*02:05:01 5 0.0239 C*06:02:01:01 5 0.0235 B*35:14:01† 7 0.0321
A*03:01:01:01 4 0.0191 C*06:02:01:03 5 0.0235 B*40:02:01 6 0.0275
A*23:01:01 4 0.0191 C*12:03:01:01 5 0.0235 B*44:03:01:01 6 0.0275
A*30:01:01 4 0.0191 C*15:09† 5 0.0235 B*15:01:01:01 5 0.0229
A*29:02:01:02 3 0.0144 C*16:01:01:01 5 0.0235 B*45:01:01 5 0.0229
A*68:05:01† 3 0.0144 C*03:04:01:01 4 0.0188 B*48:01:01 5 0.0229
A*30:02:01:03 2 0.0096 C*03:05† 4 0.0188 B*27:05:02 4 0.0183
A*33:03:01 2 0.0096 C*08:02:01:01 4 0.0188 B*39:01:01:03 4 0.0183
A*02:02:01:01 1 0.0048 C*07:18 3 0.0141 B*49:01:01 4 0.0183
A*02:02:01:02 1 0.0048 C*12:02:02 2 0.0094 B*57:01:01 4 0.0183
A*02:17:02 1 0.0048 C*15:02:01:01 2 0.0094 B*14:02:01:01 4 0.0183
A*25:01:01 1 0.0048 C*03:02:02:01 1 0.0047 B*15:15 3 0.0138
A*29:02:01:01 1 0.0048 C*03:06:01† 1 0.0047 B*15:30 3 0.0138
A*30:02:01:02 1 0.0048 C*04:01:01:06 1 0.0047 B*18:01:01:02 3 0.0138
A*33:01:01 1 0.0048 C*05:01:01:01 1 0.0047 B*35:03:01 3 0.0138
A*36:01 1 0.0048 C*05:01:01:02 1 0.0047 B*35:12:01† 3 0.0138
A*68:01:01:02 1 0.0048 C*07:27:01 1 0.0047 B*35:43:01† 3 0.0138
A*68:05:01 1 0.0048 C*16:02:01 1 0.0047 B*38:01:01 3 0.0138
A*69:01 1 0.0048 C*17:03 1 0.0047 B*40:05† 3 0.0138

B*53:01:01 3 0.0138
B*58:01:01:01 3 0.0138
B*13:02:01 2 0.0092
B*40:08† 2 0.0092
B*41:01:01 2 0.0092
B*51:02:01† 2 0.0092
B*52:01:01:02 2 0.0092
B*15:48 1 0.0046
B*18:01:01:01 1 0.0046
B*35:02:01 1 0.0046
B*35:24:01† 1 0.0046
B*35:241 1 0.0046
B*39:08† 1 0.0046
B*41:02:01 1 0.0046
B*44:02:01:01 1 0.0046
B*51:168 1 0.0046
B*55:01:01 1 0.0046
B*57:03:01 1 0.0046

† Alleles found in Mexican Natives and other Amerindians and most likely absent in the major ethnic groups: Caucasians, Africans and Asians.
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in different parts of Mexico, giving rise to the 16 different linguistic
groups settled in Oaxaca. These groups were mated with the Spanish
conquerors resulting in the admixed mestizo population in Oaxaca
[9–11].

Due to the fact that there are 69 different ethnicities in Mexico, and
each of them is genetically different, and due to admixture from Europe
and the Middle east, since over 500 hundred years up to date, it is very
important to map thoroughly the different geographical areas of Mexico
and to unravel the distinct kind of admixtures [11–13]. We typed 11
HLA genes from the well-known anthropologically characterized
Oaxaca population using NGS to decipher the allele diversity at the
maximum resolution possible, to better understand their HLA nucleo-
tide polymorphism, evolution and demographic history. In addition, the
NGS HLA data generated would be useful for bone marrow transplan-
tation to search for the most appropriate unrelated donors, for patients
with this type of ancestry, anywhere in the world.

2. Material and methods

2.1. Samples

Peripheral blood samples collected in EDTA tubes were obtained
from 112 Mexican Mestizo healthy Mexican Mestizo subjects, born and
living in the city of Oaxaca, that were recruited for the DONORMO-The
Mexican Unrelated Donors Registry. Of the total, 59% were females
and 41% males with a median age of 28.4 and 32.5 years respectively.
Each subject, registered as an unrelated donor and signed an informed
consent according to the Declaration of Helsinki [14]. None of the
donors reported personal history of cancer, or any HLA associated
disease, including chronic infections or autoimmune diseases.

2.2. DNA extraction

DNA was extracted of all the blood samples with the Maxwell16
instrument (Promega Corporation, Madison, WI, USA) according to the
technical manual.

Table 2
HLA-DRB1/3/4/5 allele frequencies.

HLA-DRB3/DRB4/DRB5 (k=16) HLA-DRB1 (k= 36)

Allele Counts Freq Allele Counts Freq

DRB4*01:03:01:01 54 32.7 DRB1*04:07:01† 29 0.1408
DRB3*01:01:02:01 34 20.6 DRB1*08:02:01† 26 0.1262
DRB5*02:02 20 12.1 DRB1*16:02:01:02† 19 0.0922
DRB3*02:02:01:02 15 9.1 DRB1*04:04:01 13 0.0631
DRB3*02:02:01:01 10 6.1 DRB1*14:06:01† 13 0.0631
DRB5*01:01:01 10 6.1 DRB1*03:01:01:01 10 0.0485
DRB4*01:03:02 8 4.8 DRB1*04:03:01 8 0.0388
DRB3*03:01:01 7 4.2 DRB1*11:04:01 8 0.0388
DRB4*01:01:01:01 2 1.2 DRB1*13:02:01 8 0.0388
DRB5*01:02 2 1.2 DRB1*14:02:01† 8 0.0388
DRB3*02:24 1 0.6 DRB1*13:01:01 7 0.0340
DRB4*01:03:01:02 1 0.6 DRB1*04:05:01 6 0.0291
DRB4*01:03:01:03 1 0.6 DRB1*07:01:01:01 5 0.0243

DRB1*11:01:01 5 0.0243
DRB1*04:11:01† 4 0.0194
DRB1*15:01:01:01 4 0.0194
DRB1*01:01:01 3 0.0146
DRB1*13:03:01 3 0.0146
DRB1*15:01:01:03 3 0.0146
DRB1*01:02:01 2 0.0097
DRB1*07:01:01:02 2 0.0097
DRB1*10:01:01 2 0.0097
DRB1*13:04 2 0.0097
DRB1*14:54:01 2 0.0097
DRB1*15:01:01:02 2 0.0097
DRB1*15:02:01 2 0.0097
DRB1*01:03 1 0.0049
DRB1*04:02:01 1 0.0049
DRB1*04:08:01 1 0.0049
DRB1*08:06 1 0.0049
DRB1*08:10 1 0.0049
DRB1*09:01:02 1 0.0049
DRB1*12:01:01 1 0.0049
DRB1*13:05:01 1 0.0049
DRB1*14:01:01 1 0.0049
DRB1*15:03:01:02 1 0.0049

† Alleles found in Mexican Natives and other Amerindians and most likely
absent in the major ethnic groups: Caucasians, Africans and Asians.

Table 3
HLA-DQA1, HLA-DQB1, HLA-DPA1 and HLA-DPB1 allele frequencies.

HLA-DQA1 (k= 23) HLA-DQB1 (k=22) HLA-DPA1 (k= 13) HLA-DPB1 (k= 26)

Allele Counts Freq Allele Counts Freq Allele Counts Freq Allele Counts Freq

DQA1*03:01:01 51 0.2500 DQB1*03:02:01 52 0.2667 DPA1*01:03:01:05 81 0.4551 DPB1*04:02:01:02 71 38.6
DQA1*04:01:01 25 0.1225 DQB1*03:01:01:01 38 0.1949 DPA1*01:03:01:02 40 0.2247 DPB1*04:01:01:01 30 16.3
DQA1*05:03 21 0.1029 DQB1*04:02:01 26 0.1333 DPA1*02:01:01 19 0.1067 DPB1*02:01:02 19 10.3
DQA1*05:05:01:01 21 0.1029 DQB1*03:01:01:03 15 0.0769 DPA1*01:03:01:03 11 0.0618 DPB1*03:01:01 21 11.4
DQA1*05:05:01:05† 13 0.0637 DQB1*02:01:01 9 0.0462 DPA1*01:03:01:04 9 0.0506 DPB1*04:02:01:01 13 7.1
DQA1*01:03:01:02 8 0.0392 DQB1*06:02:01 8 0.0410 DPA1*02:02:02 5 0.0281 DPB1*01:01:01 6 3.3
DQA1*03:03:01 8 0.0392 DQB1*06:03:01 8 0.0410 DPA1*01:03:01:01 4 0.0225 DPB1*17:01:01 5 2.7
DQA1*05:05:01:02 8 0.0392 DQB1*02:02:01:01 9 0.0462 DPA1*02:01:08 3 0.0169 DPB1*05:01:01 4 2.2
DQA1*01:02:01:04 7 0.0343 DQB1*06:09:01 4 0.0205 DPA1*02:01:02 2 0.0112 DPB1*14:01:01 4 2.2
DQA1*02:01 7 0.0343 DQB1*05:01:01:03 3 0.0154 DPA1*01:04 1 0.0056 DPB1*01:01:02 3 1.6
DQA1*05:01:01:02 7 0.0343 DQB1*05:02:01 3 0.0154 DPA1*02:01:04 1 0.0056 DPB1*104:01 3 1.6
DQA1*01:02:01:03 6 0.0294 DQB1*06:04:01 3 0.0154 DPA1*03:01 1 0.0056 DPB1*10:01:01 3 1.6
DQA1*01:02:01:01 4 0.0196 DQB1*03:01:01:02 2 0.0103 DPA1*04:01 1 0.0056 DPB1*13:01:01 2 1.1
DQA1*01:01:01 3 0.0147 DQB1*03:03:02:01 2 0.0103 DPB1*04:01:01:02 1 0.5
DQA1*01:04:01:02 3 0.0147 DQB1*03:04:01 2 0.0103 DPB1*105:01 1 0.5
DQA1*05:01:01:01 3 0.0147 DQB1*03:19 2 0.0103 DPB1*131:01 1 0.5
DQA1*01:01:02 2 0.0098 DQB1*05:01:01:01 2 0.0103 DPB1*138:01 1 0.5
DQA1*01:03:01:01 2 0.0098 DQB1*05:01:01:02 2 0.0103 DPB1*15:01:01 1 0.5
DQA1*01:05:01 2 0.0098 DQB1*05:03:01:01 3 0.0154 DPB1*40:01 1 0.5
DQA1*01:02:01:02 1 0.0049 DQB1*06:01:01 2 0.0103
DQA1*04:01:01eExon4Var 1 0.0049
DQA1*06:01:01 1 0.0049

† Alleles found in Mexican Natives and other Amerindians and most likely absent in the major ethnic groups: Caucasians, Africans and Asians.
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2.3. HLA NGS genotyping

Genotyping at high resolution for 11 loci: HLA class I (HLA-A, HLA-
C, HLA-B) and class II (HLA-DRB1, HLA-DRB3, HLA-DRB4, HLA-DRB5,
HLA-DQA1, HLA-DQB1, HLA-DPA1, HLA-DPB1) loci was performed
using the MIA FORA NGS low-throughput semi-automated typing pro-
tocol (Immucor, Inc., Norcross, GA, USA) according to the manu-
facturer’s instructions [15]. The PerkinElmer NGS Express (Perki-
nElmer, Waltham, MA, USA) and Biomek 4000 liquid handling
workstations (Beckman Coulter, Inc., Indianapolis, IN, USA) were used
to perform all the PCR and most of the post-PCR library operations
respectively. Briefly, long range PCR was performed with full gene
coverage for HLA-A, HLA-B and HLA-C (greater than200 bp 5′UTR to
3′UTR∼200–400 bp), HLA-DQA1 (∼200 bp of the 5′UTR to∼200 bp
of the 3′UTR) and HLA-DQB1 (∼70 bp of the 5′UTR to∼100 bp of the
3′UTR) genes. For HLA-DPA1 coverage ranged from exon 1 through
exon 4 and for HLA-DPB1 from exon 2 to exon 4. The coverage for HLA-
DRB1/3/4 loci included the 5′UTR to the first−270 bp of intron-1 and
end of intron-1 (−250 bp) to exon-6. Amplification was achieved for
the HLA-DRB5 gene exons 2 to exon 6. Each PCR containing 100 ng of
genomic DNA for each HLA locus was amplified using Veriti Thermal
Cyclers (Applied Biosystems/Thermo Fisher Scientific, Waltham, MA,
USA). PCR products were quantified using a Victor X plate reader
(Perkin Elmer, Waltham, MA, USA) with a PicoGreen assay (Invitrogen/
Thermo Fisher Scientific, Waltham, MA, USA). Amplicons for each
sample were pooled and purified using Agencourt AMPure XP beads
(Beckman Coulter, Fullerton, CA, USA). The barcoded library con-
struction was performed by enzymatic cleavage (generating
300–500 bp fragments), enzymatic end repair, purification (using
Agencourt AMPure beads) and ligation of unique adaptor indices to
each pooled sample. All adaptor ligated samples were pooled into a
single tube, purified (using Agencourt AMPure XP beads) and
400–500 bp DNA fragments were size selected using the Blue Pippin
system (Sage Science, Inc., Beverly, MA, USA). The eluted pooled
samples were enriched using Illumina primers by a short PCR cycle and
purified (using Agencourt AMPure XP beads). The quality of the pooled
samples were checked using the Agilent 2200 Tape Station instrument
(Agilent Technologies, Inc., Santa Clara, CA, USA). The library was
quantified using the Qubit™ dsDNA BR Assay kit and the Qubit Fluo-
rometer (ThermoFisher Scientific, Waltham, MA, USA). The samples
were denatured with sodium hydroxide, and sequenced at a final con-
centration of 12 pM spiked with 0.2% PhiX Control v3 (Illumina, Inc.,

San Diego, CA, USA) on the Illumina MiSeq instrument using 300 cycle
paired-end kits (Illumina, Inc., San Diego, CA, USA).

2.4. HLA sequence data analysis

FASTQ files generated by the Illumina instrument were analyzed
with the MIA FORA FLEX v3.0 alignment software (Immucor, Norcross,
GA, USA) assign HLA genotypes. The MIA FORA software demultiplexes
FASTQ files according to each unique index and uses two com-
plementary informatics algorithms; mapping of sequences to references
and de novo assembly to construct one or two phased consensus se-
quences.

2.5. NGS of HLA ambiguities analysis

A great advantage of using NGS for HLA genotyping instead of SBT
is the capability of assign unambiguous results at highest resolution.
However, some ambiguities were also found due to; (i) the presence of
short tandem repeats (STR) in introns of some class II genes that cannot
be assessed accurately by the sequencing methodology, (ii) the lack of
genomic coverage, (iii) phasing ambiguities due to low intronic varia-
tion across intron 1 of the HLA-DPB1 gene. Due to these limitations,
indistinguishable allele groups at the 4-field resolution were merged to
the lowest numbered allele according to IPD-IMGT/HLA Database
v3.25.0.

2.6. Population statistics

Allele frequency (AF) at each locus, Hardy-Weinberg Equilibrium
(HWE), Ewens-Waterson Homozygosity (EWH) test of neutrality [16],
Haplotype frequency estimation and linkage disequilibrium (LD) locus
and allele level were performed using the PyPop version 0.7.0 software
[17]. Standardized LD values range between 0 (which means equili-
brium), and 1 (linkage). Extended HLA haplotype frequencies (in-
cluding/or not including the HLA-DPA1 and HLA-DPB1 loci) was esti-
mated using an Expectation algorithm implemented in the Hapl-o-Mat,
v. 1.1 software [18]. The authors have followed the STREIS statement
and its checklist [19].

3. Results

Hardy Weinberg probability values and Ewens-Waterson

Table 4
The top 20 HLA -A-C-B-DRB3/DRB4/DRB5-DRB1-DQA1-DQB1-DPA1-DPB1 haplotypes.

No. A1-C1-B1-DRB3/4/5-DRB1-DQA1-DQB1-DPA1-DPB1 HF

1 A*68:03:01-C*07:02:01:01-B*39:05:01-DRB4*01:03:01:01-DRB1*04:07:01-DQA1*03:01:01-DQB1*03:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0205
2 A*02:01:01:01-C*07:02:01:01-B*39:02:02-DRB5*02:02-DRB1*16:02:01:02-DQA1*05:05:01:05-DQB1*03:01:01:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0164
3 A*24:02:01:01-C*07:02:01:01-B*39:06:02-DRB4*01:03:01:01-DRB1*14:06:01-DQA1*03:01:01-DQB1*03:01:01:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0164
4 A*68:03:01-C*07:02:01:01-B*39:05:01-DRB4*01:03:02-DRB1*04:07:01-DQA1*03:01:01-DQB1*03:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0164
5 A*02:01:01:01-C*07:02:01:03-B*07:02:01-DRB5*01:01:01-DRB1*15:01:01:01-DQA1*01:02:01:01-DQB1*05:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0123
6 A*02:06:01:01-C*07:02:01:01-B*39:05:01-DRB4*01:03:01:01-DRB1*04:07:01-DQA1*03:01:01-DQB1*03:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0123
7 A*11:01:01:01-C*02:02:02:01-B*27:05:02-DRB3*02:02:01:02-DRB1*13:01:01:01-DQA1*01:03:01:02-DQB1*06:03:01-DPA1*01:03:01:02-DPB1*104:01 0.0123
8 A*24:02:01:01-C*04:01:01:01-B*35:14:01-DRB5*02:02-DRB1*16:02:01:02-DQA1*05:05:01:05-DQB1*03:01:01:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0123
9 A*68:03:01-C*03:05-B*35:01:01:02-DRB4*01:03:01:01-DRB1*04:07:01-DQA1*03:01:01-DQB1*03:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0123
10 A*01:01:01:01-C*07:01:01:01-B*08:01:01:01-DRB*Abs-DRB1*08:02:01-DQA1*04:01:01-DQB1*04:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0082
11 A*01:01:01:01-C*07:01:01:01-B*49:01:01-DRB3*03:01:01-DRB1*13:02:01-DQA1*01:02:01:04-DQB1*06:04:01-DPA1*01:03:01:02-DPB1*04:01:01:01 0.0082
12 A*02:01:01:01-C*04:01:01:01-B*35:17:01-DRB*Abs-DRB1*08:02:01-DQA1*04:01:01-DQB1*04:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0082
13 A*02:01:01:01-C*07:02:01:01-B*39:02:02-DRB5*02:02-DRB1*16:02:01:02-DQA1*05:05:01:05-DQB1*03:01:01:01-DPA1*01:03:01:02-DPB1*04:01:01:01 0.0082
14 A*02:01:01:01-C*07:02:01:01-B*39:02:02-DRB4*01:03:01:01-DRB1*04:04:01-DQA1*03:01:01-DQB1*03:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0082
15 A*02:01:01:01-C*07:02:01:01-B*39:05:01-DRB4*01:03:01:01-DRB1*04:07:01-DQA1*03:01:01-DQB1*03:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0082
16 A*02:06:01:01-C*07:02:01:01-B*39:02:02-DRB*Abs-DRB1*08:02:01-DQA1*04:01:01-DQB1*04:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0082
17 A*23:01:01-C*07:01:01:01-B*49:01:01-DRB4*01:03:01:01-DRB1*04:05:01-DQA1*03:03:01:01-DQB1*03:02:01-DPA1*02:01:01:01-DPB1*17:01 0.0082
18 A*24:02:01:01-C*03:04:01:02-B*39:01:01:03-DRB4*01:03:01:01-DRB1*04:04:01-DQA1*03:01:01-DQB1*03:02:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0082
19 A*24:02:01:01-C*07:02:01:01-B*39:05:01-DRB5*02:02-DRB1*16:02:01:02-DQA1*05:05:01:05-DQB1*03:01:01:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0082
20 A*24:02:01:01-C*07:02:01:01-B*39:06:02-DRB3*01:01:02:01-DRB1*14:06:01-DQA1*05:03-DQB1*03:01:01:01-DPA1*01:03:01:05-DPB1*04:02:01:02 0.0082

Note: The bold alleles are Mexican Amerindian alleles.
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Homozygosity EWH test of neutrality at HLA loci, showed no deviation
from HWE for any locus tested (results not shown). Table 1 depicts the
AF of class I alleles HLA-A, HLA-B and HLA-C, showing that the most
frequent alleles frequencies greater than 5% are alleles of putative
Amerindian origin. The lowest frequent alleles are of putative Medi-
terranean and African origin. In Table 2, the allele frequencies of HLA-
DRB3/DRB4/DRB5 and HLA DRB1 are listed. Table 3 includes the allele
distribution frequencies of HLA-DQA1, HLA-DQB1, HLA-DPA1 and HLA-
DPB1. Finally, in Table 4, the 20 most frequent haplotypes estimated
are shown.

It is important to mention that a novel allele at HLA-DQA1 locus was
detected: an exon 4 variant in allele HLA-DQA1*04:01:01 (codon
200C > T, Leu > Leu).

4. Discussion

We selected in this study a very interesting Mexican population
located in Southeast Mexico with admixture of diverse Amerindian
groups admixed with Mediterranean and African components [10,11].
According to the Institute of Anthropology, the status of Mexican
Mestizos is defined to be tested exploring with each individual, his
ethnic background back to the third generation (parents, grandparents
and grand grandparents) should have Hispanics last name and must
have been born in Mexico with Mediterranean ancestry (mainly Spain),
the African component which came from the African slaves brought by
the conquerors from West Africa mainly Bantu and the San Thomé Is-
land [20–26]. As shown from the results of alleles and haplotypes fre-
quencies, (Tables 1 through to 4), the HLA diversity of the Mestizos of
Oaxaca is very high. One third of the population inhabiting the whole
state speaks any of the 16 different native languages; they maintain
their unique social structure, their cultural features, religious habits and
their identity that is probably stronger than in other Mexican native
groups. The name of the city is Oaxaca de Juárez, originally named by
the Spaniards, Antequera, was founded in 1529, and was occupied by a
group of Zapotecan Indians. The city is an example of the colonialism of
the XVI Century and Spaniards brought with them the complex Medi-
terranean component as well as the Middle-Eastern one, represented by
Arabs and, Sephardi Jews these different gene ancestries are evident in
the alleles shown in Tables 1, 2 and 3 and in the haplotypes (Table 4)
numbered as 5,7, 10, 11, 14, 17, and 18 [11,27,28]. By analyzing
deeply the nucleotide diversity of 11 HLA loci in a very well-known
admixed population of the Southeast, using the high throughput tech-
nology of NGS, it was fascinating to understand the different ancestral
ethnic contributions to the Oaxaca population. It can be seen that 27,
46 and 29 different alleles were detected for HLA-A, HLA-C and HLA-B
loci respectively, and the Mexican Amerindian background was clear in
the most frequent alleles; although Semitic and Mediterranean com-
ponents are also present. The most frequent five HLA-A, HLA-C and
HLA-B alleles are of Mexican Amerindian origin such as HLA-
B*35:17:01 being a typical example [29]. An interesting example is the
HLA-B*39 allele and haplotype diversification, shown in these Mestizos.
Of the top 20 haplotypes, 12 have different combinations with HLA-
B*39, suggesting that convergent evolution events and allele lineage
diversification may have occurred. Also possibly recombination, selec-
tion and bottleneck effects, as well as different admixture events oc-
curred that gave rise to the current haplotype structure. We observe in
Table 4, that the first 4 haplotypes that include HLA-B*39:05:01, HLA-
B*39:02:02, HLA-B*39:06:02, HLA-B*39:05:01 and the 6th most fre-
quent haplotype that bears HLA-B*39:05:01, have different HLA-A locus
alleles except two; almost all have different HLA-DRB1 alleles. These
haplotypes are present in Native Americans, Hispanics, Asians and
some of them mainly in Mexican Mestizos. Most of them have HLA-
C*07:02:01:01 but interestingly, the 18th haplotype is a combination of
a class I haplotype present in Mexicans and class II haplotype found in
Amerindians but also in Slavic populations such as Russians and Polish
people [30]. These findings which suggest that diversification may have

occurred due to the admixture with different groups that migrated from
East Asia in diverse waves at different times in the past. The HLA-DRB1
(k=34), HLA-DQA1 (k=20) and HLA-DQB1 (k=21) alleles with
frequencies over 5% are found in some Mexican Amerindian groups as
well as in Hispanics from many countries in Latin-America and from
USA, but, other ethnic influences are also present, such as Asian,
Jewish, African and Mediterranean [30]. The most frequent HLA-DPA1
(k=14) and HLA-DPB1 (k=16) with frequencies over 5% are the
ancestral genes found in most populations [30].

As shown by the recent study by Goeury et al [6], it is clear that NGS
is a powerful technique that has led to the fast discovery of new alleles
between April 2016 and April 2017. The knowledge of population di-
versity is beyond doubt increasing our knowledge on origins, migration
routes, admixture, genetic drift or bottleneck effects, We detected class
II alleles that were never shown before in our Mestizos such as HLA-
DRB1*08:10, HLA-DRB1*04:08:01, HLA-DPB1*131:01 and HLA-
DPB1*105:01 although their cumulated frequency is less than 2%.

The analysis of the haplotypes, the combinations of class I and class
II haplotypes and alleles present, gives new insights into the possible
mechanisms that drove the evolution and actual polymorphisms of this
ethnic group. The extended 11 loci haplotypes (table 4, it becomes
evident that the haplotypes 2nd; 8th; 14th; 15th; 16th; 19th are found
in Mexican Mestizos, in Hispanics populations worldwide and in
Oaxaca, but the 1st and 4th are only present in the Oaxaca group.

Moreover, there are other haplotypes shown in populations dif-
ferent than these Mestizos, such as Asians and Mediterraneans and of
course, other Hispanics [31–33]. Undoubtedly additional level of di-
versity was identified at non-coding segments and a high level of het-
erozygosity at all loci, with the exception of HLA-DPA1 and HLA-DPB1
loci. We did show unique alleles and haplotypic associations and pre-
dominant native alleles, not found in other ethnic groups.

Finally, in our small sample we observed different haplotypes that
differentiated at multiple loci due to recombination and convergent
evolution such seen in as the first four frequent haplotypes in Table 4.
The first haplotype was class I of Native American putative origin,
combined with a class II Hispanic and Native American origin. The
second one was of Asian origin, combined with a class II Native
American because of the ancestry of Asian groups present in Natives.

In conclusion, NGS permits the characterization of rare genetic
variants that we could not detect using traditional HLA molecular
typing methods. This technology characterizes more than one common
allele associated with the same protein. A deep knowledge of popula-
tion structure will enhance our understanding of the remarkable HLA
genetic system. The new information revealed by NGS will open new
roads to explore the biological meaning of the HLA polymorphism and
its role in our innate and adaptive system. Furthermore, we will be able
to know how protection against infections has developed, and which
HLA molecular or immunological mechanisms trigger autoimmune
diseases and cancer.
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